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ABSTRACT
The highland forests of Peninsular Malaysia, lying between 
,300m-900m, comprise c .40°/o of the total productive forest of the country. 
These forests, recently included into the Forest Estate, posed new 
silvicultural problems centring on the development of a new silvicultural 
system. Basic to this are the problems associated with regeneration. 
Knowledge of the highland ecosystem and of the effects of environ­
mental factors on growth, distribution and differentiation of highland 
vegetation is indeed relevant. It thus forms the subject of the 
present study which comprises a review of the literature and experi­
mental works conducted on several tropical highland tree species.
The review of literature suggests the following:
(1) The tropical highland environment is extremely diverse 
with a recognised series of altitudinal vegetation zones 
characterised by physiognomy, flora, local climate and 
soil. The environmental factors controlling plant growth 
and distribution are unknown. The primary role of climate 
and secondarily of soil has been suggested.
(2) Climate is important in the control of growth of lowland 
species. This is supported by the relationship of growth 
patterns of lowland species to seasonal rythm.
(3 ) Intraspecies differences exist in highland vegetation 
especially in species with wide altitudinal range.
Introductory experimental work was conducted with the major
objective of studying the growth resDonse of seedlings of tropical
iv
tree species to variations in day and night temperatures, light 
intensity, frost and moisture treatments. The species used were 
Pinus caribaea var. hondurensis B and G, Pinus oocarpa var. ochoterenai 
Schiede from Central America, Pinus kesiya Royal ex Gordon from 
the Philippines and Eucalyptus decaisneana from Portuguese Timor.
Except for P. caribaea, a lowland species included for comparison, 
seed sources of all species were collected from widely spaced altitudes 
covering most of the species range but generally within limited latitude and 
longitude. The factors studied were either precisely controlled 
(temperature and frost) or partially controlled (light intensity and 
moisture). Growth analysis technique was mainly used in the inter­
pretation of results. Results of the moisture experiment were not 
reported in the thesis.
It was clear from the experimental work that intraspecies 
differentiation occurs in tropical highland species with wide alti­
tudinal range. Differential growth responses to variation in day 
and night temperatures, light intensity and frost treatment were signi­
ficant. A speciation process that is adaptive and must necessarily 
incorporate physical environmental factors (different from the 
processes proposed for lowland tropical species) was suggested. The 
temperature experiment with P. kesiya also suggests that altitudinal 
variation in growth may be greater than geographical variation between 
disjunct seed sources of equivalent altitude.
The importance of careful sampling of seed sources of 
highland tropical species in provenance trials was emphasised. For 
this purpose the technique of growth analysis was considered useful
Vin view of its speed and accuracy in assessing variations in growth 
rate and productivity, especially in controlled experiments.
Other applications of the technique included the determination of 
environmental conditions important to growth, for the mapping of 
potential distribution and location of trial sites and in the 
selection for improved growth rate and productivity. Caution in 
the field projection of results was emphasised.
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1INTRODUCTION
In  1963, a Land C a p a b i l i t y  C la s s i f i c a t io n  was co n d u c te d  in  
P e n in s u la r  M a la y s ia  w i th  th e  aim  o f  o p t im is in g  th e  use o f  la n d  
w i t h in  th e  fram ew ork  o f  th e  N a t io n 's  d e ve lo p m e n t s t r a t e g y .  In  th e  
subsequ en t r e c la s s i f i c a t i o n  o f  la n d  use much o f  th e  lo w la n d  fo r e s t  
e s ta te  was e x c is e d  f o r  h ig h e r  p r i o r i t y  uses le a v in g  a t o t a l  o f  
a p p ro x im a te ly  10 m i l l i o n  a c re s  re s e rv e d  f o r  f o r e s t r y .  O f t h i s ,  
c .40% were v i r t u a l l y  u n t r ie d  a re a s  ly in g  above th e  300m c o n to u r ,  
h i t h e r t o  ta k e n  as th e  u p p e r l i m i t  o f  th e  f o r e s t  e s ta te .  I t  i s  
c le a r  t h a t  f u tu r e  e xp a n s io n  o f  f o r e s t r y  in  P e n in s u la r  M a la y s ia  w i l l  
have to  be in  th e  h ig h la n d  r e g io n s .  In d e e d , la rg e  a re a s  a re  a lre a d y  
d e s ig n a te d  f o r  p la n ta t io n  and e x p lo i t a t i o n .
The in c re a s in g  a t t e n t io n  p a id  to  f o r e s t r y  in  th e  h ig h la n d  
a re a s  o f  P e n in s u la r  M a la y s ia  c e n tre s  p r im ä r i l y  on th e  p ro b le m s  o f  
d e v e lo p in g  a new s i l v i c u l t u r a l  system  f o r  th e  h ig h la n d  f o r e s t s .
Towards t h i s  end a know ledge o f  th e  e co sys te m , in  p a r t i c u la r  o f  e n v iro n ­
m e n ta l f a c to r s  im p o r ta n t  in  th e  g ro w th ,  d i s t r i b u t i o n  and v a r ia t io n  o f  
t im b e r  s p e c ie s  i s  e s s e n t ia l .  A c c o rd in g ly  i t  was d e c id e d  to  c o n d u c t 
a b road s tu d y  in t o  t h i s  s u b je c t .
The s tu d y  o u t l in e d  in  th e  th e s is  c o m p ris e s  a re v ie w  o f  
l i t e r a t u r e  (P a r ts  I  -  I I I ) ,  a p re -e x p e r im e n ta l s e c t io n  (P a r t  IV /), 
an e x p e r im e n ta l s e c t io n  ( P a r t  V) and a g e n e ra l d is c u s s io n  (P a r t  V I ) .
P a r t  I  o f  th e  re v ie w  o u t l in e s  th e  b a s is  and fram ew ork  o f  
th e  s tu d y .  The im p o rta n c e  o f  f o r e s t r y  in  th e  economy o f  M a la y s ia  
and i t s  fu tu r e  r o le  in  th e  l i g h t  o f  th e  above m en tio n e d  change in
2land use was examined (Chapter 1). As a framework to the study, 
an outline of forests and forestry practice in the highlands of 
Peninsular Malaysia including a review and discussion 
on silvicultural problems is incorporated in Chapter 2. The 
ecosystem of the tropical highlands is systematically outlined in 
Chapter 3 with emphasis on its complexity. Factors considered im­
portant in differentiating highland vegetation are identified.
In Part II, the environmental processes controlling the 
growth of lowland tropical species are reviewed since surprisingly 
little is known of the subject with respect to tropical highland 
species. Growth pattern and growth phenology of tropical vegetation 
is examined (Chapter 4). It is clear that the majority of tropical 
species display a periodic pattern strongly related with seasonal 
rythm. The climatic control of plant growth is accordingly 
reviewed and important controlling factors identified (Chapter 5).
In view of the highly diverse tropical highland environment 
the question of genetic differentiation of tree species is important 
and relevant to forestry. This is accordingly reviewed in Part III 
with liberal examples from the temperate areas since little work has 
been done on this subject in the tropics.
In Part IV, the relevant findings of the review are collated 
and, together with information available of the experimental 
materials, used as guidelines in defining the scope for experimental 
work (Chapter 7). Materials, general facilities, experiments 
conducted and general methodology were then outlined in Chapter 8.
Part V comprises the experiment section of the study.
The major objective for experimental work was "to conduct broad
3studies on the effect of several environmental factors which vary 
with altitude on species with wide altitudinal ranges in the tropics". 
The factors studied include temperature (Chapters 9-11), frost 
(Chapter 12), light intensity (Chapter 13) and moisture stress.
The latter experiment was not reported in the thesis.
Part VI (Chapter 14) is a general discussion of experimental 
findings. The importance of growth analysis technique to forestry 
work with reference to Peninsular Malaysia is discussed.
PART I
LITERATURE REVIEW
An Outline of the Basis and framework of Study
5CHAPTER 1
THE ROLE OF FORESTRY IN  TEE MALAYSIAN ECONOMY 
AND ITS  FUTURE PROSPECTS IN  THE LIGHT OF 
CHANGING LAND USE.
T h is  c h a p te r  d is c u s s e s  th e  r o le  o f  f o r e s t r y  in  th e  n a t io n a l  
economy o f  M a la y s ia ,  in  p a r t i c u la r  th e  economy o f  P e n in s u la r  M a la y s ia ,  
and f u t u r e  p ro s p e c ts  in  th e  l i g h t  o f  re c e n t  e x te n s iv e  changes in  
th e  p a t te r n  o f  la n d  use and o f  ch a n g in g  demands in  wood and wood 
p r o d u c ts .
1.1 THE PRESENT AND FUTURE ROLE OF FORESTRY IN  THE MALAYSIAN ECONOMY
As f o r e s t r y  i s  a p r im a ry  in d u s t r y ,  i t s  im p o rta n c e  to  a 
n a t io n a l  economy is  g e n e r a l ly  g r e a te s t  d u r in g  th e  c o u n t r y 's  e a r ly  
d e v e lo p m e n ta l p hase . In  P e n in s u la r  M a la y s ia ,  th e  f o r e s t r y  s e c to r  
c o n t r ib u te d  4.37%  to  th e  G ross N a t io n a l P ro d u c t in  1971 (v a lu e d  a t  
M$41 1 ,0 0 0 ,0 0 0 ) and d i r e c t l y  p r o v id in g  em ploym ent to  a b o u t 2 9 ,0 0 0  
p e o p le  ( I s m a i l ,  1 9 7 2 ).
The f o r e s t r y  s e c to r  a ls o  f ig u r e d  p ro m in e n t ly  in  th e  i n t e r ­
n a t io n a l  t ra d e  o f  th e  c o u n t r y .  As e x p o r t  ite m s ,  t im b e r  and t im b e r  
p ro d u c ts  ranked  t h i r d  a f t e r  ru b b e r  and palm o i l ,  e a rn in g  M $249 ,500 ,000  
in  1970. T h is  re p re s e n te d  an in c re a s e  o f  two and h a l f  t im e s  o v e r  
th e  p a s t f i v e  y e a rs  (Anon., 1 9 7 4 a ).
O ver th e  same p e r io d  how eve r, lo c a l  c o n su m p tio n s  o f  p a p e r 
and p a p e r p ro d u c ts  in c re a s e d  th re e  f o ld  to  145 ,118  m e t r ic  to n s ,  c o s t in g
6approximately M$10G,000,000 in imports. Consumption by the year 
1990, is projected at 410,000 metric tons, a three fold increase from 
1970 (Ismail, 1972).
It is clear that the industry will have to expand in order 
to meet rapidly increasing demand. Based on present trends it is 
estimated that approximately 200,000 acres annually will have to be 
reforested and rehabilitated, providing employment for about 100,000 
people (Ismail, 1972).
Forestry in Malaysia is not regarded solely in terms of wood 
production. Indeed, the range in goods and serivces is continually 
expanding in the light of changing social needs from the traditional 
production of wood and water to such intangibles as recreation and urban 
beautification. Forestry is thus a permanent and versatile industry 
able to suffice the varying needs of the community in the various 
phases of economic development of the country.
The future ambitious role intended for forestry in the Malaysian 
economy has been outlined by Ismail (1972).
"In the field of agro—based industries, wood will provide a 
healthy diversification of products. The availability of 
renewable raw material enhances the opportunity of expanding 
industrial growth to include secondary and tertiary wood processing 
industries. The potential for short-fibred pulp manufacture 
from industrial wood residues, supplemented by the more effective 
utilisation of the available growing stock, is good and so is 
the scope of plantation of long-fibred pulpwood. Short-fibred 
pulp for the production of various grades of paper and paper
7boards is in heavy demand and this demand is steadily increasing.
The world demand in newsprint is also growing and Malaysia has 
the potential to supply these products. Still more encouraging 
is the fact that while the supply of high quality tropical hardwood 
is diminishing, their demand is increasing. Higher financial 
return and more foreign exchange earnings can thus be anticipated. 
Forest industries will become more viable and employment, 
social and economic opportunities will increase".
1.2 THE CHANGING PATTERN OF LAND USE IN PENINSULAR MALAYSIA AND 
ITS POTENTIAL IMPACT ON THE PRACTICE OF FORESTRY
Traditionally, Malaysian society has largely been agrarian 
with a life style that had relatively little impact on the forested 
ecosystem. The scale and pattern of land use has however changed 
dramatically in modern times. The most profound change has been 
the massive clearing and reclassification of forest land for agriculture, 
often resulting in the excision of large tracts of prime managed 
Lowland Dipterocarp Forests (Section 2.2.2). In 1963 a technical 
sub-committee on Land Capability Classification was set up to devise 
an optimum national land use plan within the framework of the nation's 
overall development strategy (Leong, 1968).
Under the classification scheme, mining was given top 
priority of land use, followed by agriculture, thence forestry. These 
major land uses are however subject to other priority uses which 
include reservations for aboriginal settlement, water conservancy, 
game, grazing and national parks. Forestry was largely assigned to 
'Class IV lands comprising lowlands marginal to agriculture, swamps 
and steep-land above 18^% gradient.
aIt is clear therefore the planned development of the 
Forest Estate will have to be made in the hill areas. Thus, forests 
lying between 3G0m to 100Gm, hitherto protected, will be brought 
under production. Above 1000m, forest operation is generally thought 
to be uneconomic, hazardous or detrimental to the environment.
Table 1.1 shows the pattern of land use following classifica­
tion for the states of Pahang, Johore, Melaka and Negri Sembilan 
in Peninsular Malaysia. It is clear that the major proportion of 
land area in all states are mainly reserved for mining and agriculture 
leaving an estimated total of 10 million acres of productive Forest 
Estate. Of this area, over 40% or approximately 4 million acres, 
lie above the 300m contour, the approximate upper limit of the Lowland 
Dipterocarp Forest. The figure however may vary between states.
Thus there will be a move of a considerable proportion of the Forest 
Estate into a virtually untried area.
TABLE 1.1 Land Use Pattern in Selected States of Peninsular 
Malaysia. (Lee, 1968 )
Pahang Johore Melaka N. Sembilan“IT
Total State 
Area (*000 ac] 8,869 100 4,692 100 415 100 1 ,642 100
Area below 
300m countour 7,057 81 4,534 97 407 98 1,343 82
Area for mining 
or agric. 4,412 50 3,089 66 342 82 1 ,033 63
Total prod.for. 2,622 30 543 12 8 2 433 26
Prod• forests 
above 300m 1 ,126 13 214 5 1 - 243 15
Prod• forests 
below 300m 1,496 17 329 7 7 2 190 11
Prod. for.below 
300m as % of total 
prod, forests.
57 60 82 61
r r .r s . -  f r:
91.3 ThE PROSPECT OF FORESTRY IN THE HIGHLANDS OF PENINSULAR MALAYSIA
The impact of the changing pattern in land use will be felt 
most acutely in the indigeneous hill forests. The failure of the 
Malaysian Uniform System of Silviculture to satisfactorily regenerate 
these forests necessitates the development of an alternative sil­
vicultural system specifically adapted to the hill areas. The 
Malaysian Uniform System, which aims at enriching managed stands, was 
mainly designed for the primary Lowland Dipterocarp Forests where 
regeneration is usually adequate (Burgess, 1970). Despite the 
lowland forests’ relatively more accessible terrain, with a less 
complex ecosystem than the hill forests, the Malaysian Uniform System 
took nearly fifty years to evolve. Given the complexities of the 
highland environment (Chapter 3), the naturally poor regeneration of the 
hill forest (Section 2.3) and the utmost urgency of the whole venture, 
the problems that will be encountered in developing a viable hill 
silvicultural system has been rated "as the biggest challenge to 
forestry research since the evolution of the Malaysian Uniform System", 
(Anon., 1970).
The future prospects for plantation of exotics have already 
been stated. Pilot projects with P. caribaea var. hondurensis 
have largely proved successful (Freezaillah, 1966) and large scale 
plantation is currently planned for Peninsular Malaysia and Sabah 
(Anon., 1974b). Although in Peninsular Malaysia, plantation projects 
are largely confined to the Lowland Dipterocarp Forest zone the 
potential for planting exotics above this zone have also been tested.
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The successful development of a hill silviculture system 
and the choice and establishment of exotics in plantation programmes 
will depend on an adequate understanding of the ecology of the highlands. 
One main line of enquiry should centre on determining the optimum 
growth condition of seedlings of highland species and allied with the 
detection of genetic variation. Such autecological studies would 
assist in understanding successful regeneration conditions, in 
determining the potential limits for productive growth, and the possible 
extension of a species outside of its natural distribution and in the 
selection of provenances for optimum matching with plantation sites.
The study outlined in this thesis is essentially introductory 
and primarily aimed at a broad survey of factors likely to be involved 
in the establishment of seedlings in the tropical highland environment 
and in elucidating the probable existence of genetic variation in 
tropical highland species.
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CHAPTER 2
FORESTS AND FORESTRY IN  THE HIGHLANDS OF 
PENINSULAR MALAYSIA
2 .1  INTRODUCTION
The c h a p te r  o u t l in e s  th e  fo r e s t s  and f o r e s t r y  in  th e  h ig h ­
la n d s  o f  P e n in s u la r  M a la y s ia  as a p e r s p e c t iv e  to  th e  p o l ic y  changes 
o u t l in e d  in  C h a p te r  1 .
2 .2  VEGETATION TYPES IN  THE HIGHLANDS OF PENINSULAR MALAYSIA 
2 .2 .1  Z o n a t io n  o f  T r o p ic a l  H ig h la n d s
Z o n a t io n  p a t te r n s  in  t r o p i c a l  h ig h la n d  v e g e ta t io n  have been 
re p o r te d  by v a r io u s  w o rk e rs  from  v a r io u s  s tu d ie s  c o v e r in g  p h y to ­
s o c io lo g y  (B ro w n , 1 9 1 9 ), f l o r i s t i c s  (va n  S te e n is ,  1934) and e c o lo g y  
(B row n , 1919; Askew, 1964; G rubb and W h itm o re , 1 9 6 6 ). R ic h a rd s  (1 9 6 4 ) 
in  a re v ie w  o f  some o f  th e  f in d in g s  d is c e rn e d  an a l t i t u d i n a l  p a t te r n  
common f o r  th e  w e t t r o p ic s ,  w i th  zones dem arca ted  by f o u r  a l t i t u d e s  
w h ich  he c o n s id e re d  c r i t i c a l .  These a re  1,000m , 2 ,400m , 4,000m  
and 4 ,500m .
The v e g e ta t io n  i s  th u s  dem arca ted  in t o  f i v e  p r in c ip a l  zo n e s . 
R ic h a rd 1 s (1 9 6 4 ) te rm in o lo g y  i s  adop te d  h e re  e x c e p t f o r  th e  lo w e r  two 
zones in  w h ic h  case  G rubb and W h itm o re ’ s (1 9 6 6 ) p ro p o s a l i s  u se d .
The fo r m a t io n - ty p e s  a re :
1 . The Low land  R a in  F o re s t  0 -  1 ,000m
( T r o p ic a l  R a in  f o r e s t  and Submontane
R a in  f o r e s t  o f  R ic h a rd s )
1.:
2 .  The Montane Rain F o r e s t  1 ,000  -  2,400m
a .  The Lower Montane Rain F o r e s t
b .  The Upper  Montane Rain F o r e s t  
( S u b d i v i s i o n s  by Grubb and Whitmore)
3 .  The T r o p i c a l  S u b a l p i n e  F o r e s t  2 , 4 0 0  -  4,000m
4 .  The T r o p i c a l  A lp in e  Sc rub  and 4 , 0 0 0  -  4,500m
Chomophyte f o r m a t i o n s
5 .  N iv a l  Chomophyte V e g e t a t i o n  4,500m+
A c t u a l  z o n a l  c o n t o u r s  a r e  however v a r i a b l e  s i n c e  t h e  r a t e  
o f  change  o f  c l i m a t i c  f a c t o r s  v a r y  from p l a c e  t o  p l a c e  (van S t e e n i s ,
1934; T r o l l ,  1958; R i c h a r d s ,  1 9 64 ) .  The most  common v a r i a t i o n  i s  due 
t o  t h e  Mass Mounta in  E l e v a t i o n  E f f e c t  whereby z o n a l  c o n t o u r s  a r e  d e p r e s s e d  
w i t h  p r o x i m i t y  t o  t h e  s e a  and w i th  i s o l a t i o n  o f  r i d g e s  and p e a k s ,
(van  S t e e n i s ,  1961; R i c h a r d s ,  1 9 6 4 ) .  Zones  on h i g h e r  m o un ta in s  
t e n d  t o  b roaden  a s  i s  t h e  c a s e  w i t h  t h e  Montane Rain F o r e s t  zone on t h e  
main r a n g e  o f  t h e  Andes,  in  E cuado r ,  which  r a n g e s  from c.12G0-15G0m 
t o  c .3 200-3600m ,  (Grubb and Whitmore,  1 9 66 ) .
Some c h a r a c t e r i s t i c s  o f  t h e  z o n e s  a r e  o f  i n t e r e s t .  The 
1,000m a l t i t u d e ,  t h e  l o w e r  boundary  o f  t h e  Montane Rain F o r e s t  zone ,  
i s  marked by a s h a r p  i n c r e a s e  in  fog f r e q u e n c y  w i t h  e l e v a t i o n  (Brown, 
1 9 19 ) .  I t  i s  a l s o  t h e  l o w e s t  a l t i t u d e  f o r  pe rm anen t  e x i s t e n c e  o f  
t e m p e r a t e  e l e m e n t s  o f  t h e  h i g h l a n d  f l o r a  (van  S t e e n i s ,  1961)  which 
o c c u r  in  abundance  in  t h e  Upper Montane Ra in  F o r e s t  ( R i c h a r d s ,  1964 ) .
The 4,000m a l t i t u d e ,  t h e  u p p e r  boundary  o f  t h e  T r o p i c a l  
S u b a l p i n e  F o r e s t  z o n e ,  i s  t h e  c l i m a t i c  t r e e  l i m i t  and t h e  4,500m 
a l t i t u d e  i s  t h e  c l i m a t i c  snow l i n e .
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2 .2 .2  V e g e ta t io n  Zones o f  th e  M a la y s ia n  H ig h la n d s
In  P e n in s u la r  M a la y s ia  th e  f o r e s t  v e g e ta t io n  was o r i g i n a l l y  
c l a s s i f i e d  by S ym ing ton  (1 9 4 3 ) .  S y m in g to n 's  c l a s s i f i c a t i o n  was 
b a s ic a l ly  e c o lo g ic a l  and t h i s  was m o d if ie d  by W y a tt-S m ith  (1 9 6 3 ) ,  
c h a n g in g  th e  em phasis to  ' f o r e s t  im p o r ta n c e '.  B o th  c l a s s i f i c a t i o n s  
a re  d e ta i le d  in  A ppend ix  I .
The a l t i t u d i n a l  d i s t r i b u t i o n  o f  M a la y s ia n  f o r e s t  v e g e ta t io n  
u s in g  W y a tt -S m ith 's  c l a s s i f i c a t i o n  w i t h in  R ic h a rd s *  a l t i t u d i n a l  zones 
i s  g iv e n  in  F ig u re  2 . 1 .  In  t h i s  s e c t io n  th e  m ain v e g e ta t io n  zones 
o f  th e  M a la y s ia n  H ig h la n d s  a re  o u t l in e d .
In  W y a t t -S m ith 's  c l a s s i f i c a t i o n  th e  D ip te ro c a rp  f o r e s t  in  
lo w la n d s  i s  a l t i t u d i n a l l y  d iv id e d  in t o  th re e  subzones: ( 1 )  Low land
D ip te ro c a rp  F o re s t ;  ( 2 )  H i l l  D ip te ro c a rp  F o re s t ;  ( 3 )  Upper D ip te ro c a rp  
F o re s t .  The u p p e r two su bzone s , a lo n g  w ith  th e  M ontane Oak fo r e s t s  
(L o w e r M ontane R a in  F o re s t  Zone) and th e  M ontane E r ic a c e o u s  f o r e s t  
o f  th e  Upper M ontane R a in  F o re s t  Zone c o n s t i t u t e  th e  'H ig h  A l t i t u d e  
F o r e s ts ' o f  M a la y s ia .  The u p p e r tw o D ip te ro c a rp  subzones o f  th e  Low­
la n d  R a in  F o re s t  w i l l  c o l l e c t i v e l y  be te rm ed th e  'H ig h la n d  D ip te ro c a rp  
S u b z o n e s '.
The change in  s ta n d  s t r u c tu r e  and s p e c ie s  c o m p o s it io n  between 
th e  fo u r  f o r e s t  zones and subzones o f  th e  H ig h  A l t i t u d e  F o re s ts  is  
t y p i c a l  o f  th e  g e n e ra l a l t i t u d i n a l  change in  t r o p i c a l  v e g e ta t io n .  The 
l a t t e r  i s  d is c u s s e d  in  g r e a te r  d e t a i l  in  C h a p te r 3 . F ig u re  2 .2  
i l l u s t r a t e s  th e  t y p i c a l  p r o f i l e  and s p e c ie s  c o m p o s it io n  o f  th e s e  f o r e s t s .  
A b r i e f  o u t l in e  i s  g iv e n  be low :
1 4
1800m UMRF
( > 1500m)
1500m
LMRF
r
(900m -  1800m)
H
1050m
900m U pper
D ip te r o -
c a rp  F o re s ts |4
750m
H i l l  D ip -
LRF te ro c a rp
(0 -1 050m) F o re s ts
<
300m
Low land
D ip te ro c a rp
F o re s ts
1 .
1 . 
2 .
1.
2 .
1 . 
2 .
3 .
4 .
5 .
6 .
E r ic a c e o u s  f o r e s t
O a k -L a u ra l f o r e s t  
A g a th is  a lb a  f o r e s t  
(D a m a rm in y a k ) .
Shorea  p la ty c la d o s  f o r e s t  
(M e ra n t i b u k i t ) .
S. o v a ta  f o r e s t .
" [M e ra n t i sa ra n g  p u n a i b u k i t ) .
S . c u r t i s i i  r id g e  f o r e s t  
[S e ra y a J .
S . l a e v i s - S .m u l t i f l o r a  f o r e s t  
"[B a lau  ku m is -d a m a r h i ta m ) .  
S .g la u c a  h i l l  f o r e s t  
(B a la u  l a u t ) .
S h o re a -D ip te ro c a rp u s  f o r e s t  
(B a la u -K e ru in g ) .
B w in to n ia  s p ic i f e r a  f o r e s t  
(M e rp a u h ).
D ip te ro c a rp u s  s p p . -  V a t ic a  
c u s p id a t a - T a r r ie t ia  s i m p l i c i f o l i a  
[K e ru in g -R e s a k -M e n g k u la n g ) .
Optimum lo w la n d  s u b fo rm a t io n s .  
T o ta l  12 f o r e s t  ty p e s .
LRF = Low land R a in  F o re s t ;  LMRF = Low er M ontane R a in  F o re s t ;  
UMRF = U pper M ontane R a in  F o r e s t .
FIGURE 2 .1  A l t i t u d i n a l  f l o r i s t i c  zones in  P e n in s u la r  M a la y s ia .  
(R o b b in s  and W y a tt -S m ith , 1 9 6 4 ).
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FIGURE 2 .2  A l t i t u d i n a l  F o re s t  F o rm a tio n  S e r ie s  in
P e n in s u la r  M a la y s ia .  ( W y a tt-S m ith , 1963)
(a )  Red m e r a n t i- k e ru in g  f o r e s t .  150m a . s . l .  Jenka F o re s t  R e se rve , 
Pahang. (L o w la n d  R a in  F o re s t  -  LRF) .
(b )  U pper d ip te r o c a r p  f o r e s t .  8G0m a . s . l .  Kedah Peak, Kedah. 
(L o w la n d  R a in  F o re s t  -  LR F).
( c ) Lower montane o a k - la u r e l  f o r e s t .  1500m a . s . l .  Gunong Berembun, 
Cameron H ig h la n d s , Pahang. (Low er Montane R a in  F o re s t  -  LMRF) .
(d )  M ontane e r ic a c e o u s  f o r e s t .  
Cameron H ig h la n d s , Pahang.
2000m a . s . l .  Gunong Berem bun. 
(U ppe r Montane R a in  F o re s t  -  UMPF) .
Each s e c t io n  re p re s e n ts  an a c tu a l  s t r i p  o f  f o r e s t  1 0 0 f t  x 2 5 f t .
The f i r s t  two s e c t io n s  (a  and b ) b e lo n g  to  th e  lo w la n d  fo rm a t io n  
( LR F ). D om inated by D ip te ro c a rp a c e a e  (open c ro w n s ) th e  fo rm a t io n  
in c o rp o ra te s  many f o r e s t  ty p e s  d i f f e r i n g  in  s t a t u r e  and f l o r i s t i c  
c o m p o s it io n  b u t e x h ib i t s  th e  3 - s t o r ie d  t r e e  s t r a t a  th ro u g h o u t i t s  
range  from  th e  lo w la n d  p la in s  to  th e  u p p e r h i l l  zone (U p p e r D ip te ro c a rp  
F o r e s t ) .  The t h i r d  s e c t io n  ( c )  shows th e  2 - s t o r ie d  t r e e  s t r a t a  o f  
th e  lo w e r  montane fo rm a t io n  (LMRF) w h i l s t  th e  l a s t  s e c t io n  ( d )  shows 
th e  1 - s t o r ie d  montane f o r e s t  fo rm a t io n  (UMRF).
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( a ) H i l l  D ip te ro c a rp  F o re s t  (L o w la n d  R a in  F o re s t  Z o n e ]
The f o r e s t  g e n e r a l ly  o c c u rs  between 300m and 760m a l t i t u d e  
b u t in  s h e lte re d  v a l le y s  th e  up p e r l i m i t  may be h ig h e r .
The t r a n s i t i o n  from  th e  Low land  D ip te ro c a rp  subzone t o  th e  
H i l l  D ip te ro c a rp  in c lu d e s  a change in  th e  c o m p o s it io n  o f  th e  dom in a n t 
s p e c ie s ,  a lth o u g h  some s p e c ie s  e x is t  in  b o th  z o n e s .
There  i s  a ls o  a marked a g g re g a t io n  o f  in d iv id u a ls  o f  th e  
same s p e c ie s  w i t h in  th e  H i l l  D ip te ro c a rp  Zone c o n t r a s t in g  w ith  th e  
g r e a te r  h e te ro g e n e ity  o f  th e  Low land  subzone . Thus th e  m ost common 
s p e c ie s  on th e  r id g e s  i s  Shorea  c u r t i s i i .
S tand  s t r u c tu r e  d i f f e r s  s l i g h t l y  from  t h a t  o f  th e  Low land 
D ip te ro c a rp  f o r e s t ,  v a r y in g  p a r t i c u l a r l y  how eve r, w i th  to p o g ra p h y .
The s ta n d  is  g e n e r a l ly  th re e  la y e r e d .  I n d iv id u a ls  on r id g e  to p s  
a re  com pa rab le  in  s iz e  to  th o s e  o f  th e  Low land Subzone b u t a re  d e c id e d ly  
g r e a te r  in  te rm s  o f  s ta n d  d e n s i t y .  L o c a l ly ,  in d iv id u a ls  on r id g e  
to p s  a re  g e n e r a l ly  la r g e r  in  s iz e  and a ls o  g r e a te r  in  s ta n d  d e n s i t y  
com pared to  th o s e  g ro w in g  on s lo p e s  and v a l le y  b o tto m s .
(b )  Upper D ip te ro c a rp  F o re s t  (Low land  R a in  F o re s t  Z one ]
The f o r e s t  is  g e n e r a l ly  lo c a te d  between 760m and 1200m 
a l t i t u d e s .  The subzone b o rd e rs  th e  u p p e r l i m i t  o f  th e  Low land R a in  
F o re s t  and shows d i s t i n c t  change in  f l o r a  and s t r u c tu r e  from  th e  lo w e r  
s u b z o n e s .
In  c o n t r a s t  to  th e  Low land and H i l l  D ip te ro c a rp  fo r e s t s  th e  
number o f  s p e c ie s  o f  th e  D ip te ro c a rp a c e a e  i s  g r e a t l y  re d u c e d . Those 
t h a t  do o c c u r  a re  d i s t i n c t i v e  and u n iq u e  to  th e  subzone . Common 
D ip te ro c a rp  s p e c ie s  a re  S horea  p la t y c la d o s , D ip te ro c a rp u s  c o s ta tu s ,
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Dipterocarpus retusus, Shorea ciliata, Shorea ovata and Shorea submontana. 
Common non-Dipterocarp species include Agathis alba, Calophyllum spp. 
and Melanorrhoea spp.
Stand structure and physiognomy differ from the preceding 
Hill Dipterocarp forest. The top storey of the three-storied stand 
is lower with a more even canopy level. The lower two stories tend 
to be less distinct. Individuals are smaller and incidence of 
buttressing less common. Density of pole-sized individuals is however, 
fairly similar. Litter accumulation is more noticeable.
In general the Highland Dipterocarp Subzones are characterised 
by the presence of distinct vegetation units. These are basically 
associations of dominants and co-dominants, often occupying specific 
topographic situations. In view of their forest importance their 
brief descriptions are given in Appendix II.
(c) Montane Oaks or Oak-Laurel Forests (Lower Montane Rain Forest)
This forest occurs between 100Gm and 1500m average altitudes. 
Flora and structure differ markedly from those of the Higher 
Dipterocarp Subzones.
Species of the Dipterocarpaceae occur rarely; the flora is 
dominated by the Oak-Laurel family, i.e. the Fagaceae (Quercus, 
Lithocarpus, Castanopsis} and Lauraceae. Other common species include 
Acer niveum, Adinandra spp., Agathis alba, Calophyllum spp., Canarium 
spp.,Dacrydium spp., Engelhardia spp., Eugenia spp., Gareinia spp.,
Gordonia spp., Podocarpus spp., Santiria laevigata and Toona spp.
The stand is two storied with fairly even canopy level. 
Individuals are shorter, 20m-25m, and smaller. Buttressing is rare 
and weakly expressed. Litter accumulation is higher than that of
the Highland Dipterocarp Subzones.
[d) Montane Ericaceous Forests (Upper Montane Rain Forest)
The forest occurs beyond the Montane Oak-Laurel forests and 
well within the belt of high fog frequency in the Upper Montane Rain 
Forest. The vegetation is highly distinctive of the Upper Montane 
Rain Forest type.
The Dipterocarpaceae is completely absent and the Oak-Laurel 
families drastically reduced in size. The dominant family is the 
Ericaceae with such species as Pieris ovalifolia, Rhododendron spp., 
and Vaccinium spp. Other common species are Arthrophyllum montanum, 
Anneslea crassipes, Buseus spp., Elaeocarpus mastersii, Eugenia spp., 
Gare inia spp., Ilex spp., Myrsine posteriana, Pentaphylax arborea, 
Phoebe declinata, Rhodamnia cinerea, Symplocos spp., Ternstroemia 
japonica, Teractomia tetrandra and Tristania merguensis.
Stand structure is typical of the Upper Montane Rain Forest. 
Trees in the stand are one-storied, averaging 10m in height, commonly 
gnarled and heavily covered with epiphytes. The accumulation of 
mounds of litter, peat and acid humus is distinctive of the forest.
2.3 SILVICULTURE IN THE MALAYSIAN HIGHLANDS 
2.3.1 Silvicultural Problems
The major silvicultural problems of the highland forests, 
in particular the more exploited Hill Dipterocarp Forests, stem from 
the large number of economic species, their uneven distribution and 
stand density and poor regeneration. For more productive forestry 
and sound silvicultural management it is imperative to promote chosen 
economic species within relevant constraints.
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The most important problem is inadequate regeneration of 
desirable species. According to Mok (1968) the method of solving the 
regeneration problem will essentially constitute the basis of a new 
silvicultural system for the subzones. There are several causes of 
poor regeneration both natural and artificial. Natural causes include 
infrequent and irregular flowering and weed competition, whilst the 
major artificial cause is damage caused by harvesting.
Flowering and fruiting of most hill species are usually 
irregular and infrequent (Burgess, 1969; Wyatt-Smith, 1963). The good 
fruiting years of Shorea and Dipterocarpus species occur at intervals 
of five to ten years. In addition insect damage to flowers and fruit 
can be considerable.
Natural regeneration is hampered by weeds. The most common 
and important weed is Bertam (Eugeissona triste), a stemless palm 
commonly and characteristically associated with Seraya ridge forests 
(Wyatt-Smith, 1963). It frequently forms dense thickets 5m to 7m 
in height, inhibiting regeneration of Seraya seedlings. The luxuriant 
fronds deprive the regeneration of moisture, cast heavy shade and 
cause mechanical obstruction to regeneration (Burgess, 1970).
Regeneration damage due to harvesting is common. Economic 
considerations dictate the preferential logging of ridges where the 
more desirable species and their regeneration are usually dense.
Damage to regeneration in this situation is inevitable.
Associated with harvesting are the further problems of 
exposure and weeds. Wide canopy openings on ridges often lead to 
large scale seedling mortality through insolation and dessication (Lall,
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G i l l  and Wan H assan, 1 9 6 8 ). C ockburn  and Wong (1 9 6 9 ) has d e m o n s tra te d  
th e  s u s c e p t i b i l i t y  o f  S e raya  s e e d lin g s  to  d e s s ic a t io n  in  t h e i r  e a r ly  
g e rm in a t io n  p e r io d .  In  a d d i t io n ,  u n r e s t r ic t e d  t h r o u g h f a l l  d u r in g  
th e  w e t season o f te n  r e s u l t s  in  r a p id  r u n o f f s  c a u s in g  m e c h a n ic a l damage 
t o  s e e d lin g s  (B u rg e s s , 1 9 7 0 ).
E n v iro n m e n ta l d is tu rb a n c e s  in  a d d i t io n ,  s t im u la te  weed 
g ro w th  o r  p rom o te  in v a s io n  o f  se c o n d a ry  f o r e s t  s p e c ie s .  P rob lem s due 
to  Bertam  have a lre a d y  been d is c u s s e d . In  a d d i t io n ,  d is tu r b e d  v a l le y  
b o tto m s  and s lo p e s  a re  o f te n  in va d e d  by bamboos (W y a t t -S m ith , 1 9 6 3 ). 
These s p e c ie s  a re  c h a r a c t e r i s t i c a l l y  f a s t  g ro w in g  and e a s i l y  ou tco m p e te  
th e  s lo w e r  g ro w in g  s e e d lin g s  o f  econom ic s p e c ie s .
2 . 3 . 2  P o s s ib le  S i l v i c u l t u r a l  Im provem en ts  in  th e  H ig h la n d  D ip te ro c a rp  
Subzones
There  a re  two m a jo r  a re a s  where s i l v i c u l t u r e  can m a x im a lly  
c o n t r ib u te  to  th e  p r o d u c t i v i t y  o f  th e  H ig h la n d  D ip te ro c a rp  S ubzones.
( l )  A s s is t in g  r e g e n e ra t io n :  ( 2 )  E x te n d in g  th e  d i s t r i b u t i o n  o f
econom ic  s p e c ie s .
R e g e n e ra tio n  can be a s s is te d  th ro u g h  e n r ic h m e n t p la n t in g  and 
th e  c o n t r o l  o f  w eeds. The fo rm e r  n e c e s s ita te s  a s te a d y  and r e l i a b l e  
s u p p ly  o f  s e e d lin g s  -  a d i f f i c u l t  re q u ire m e n t in  a s i t u a t io n  o f  
in f r e q u e n t  and e r r a t i c  s e e d in g . L a l l  G i l l  (1 9 6 9 ) has shown t h a t  b u f f e r  
s to c k s  o f  'w i l d in g s '  (b a re  ro o te d  s e e d lin g s  c o l le c t e d  fro m  th e  f o r e s t  
f l o o r )  can be s u c c e s s fu l ly  and e c o n o m ic a lly  r a is e d  in  lo c a l  n u r s e r ie s  
f o r  such p u rp o s e s . M o re o ve r, th e  s u r v iv a l  r a te  on t r a n s p la n t in g  has
been shown to  be q u i te  h ig h .
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Weed c o n t r o l  r a t h e r  th a n  e r a d ic a t io n ,  e s p e c ia l ly  o f  B e rtam , 
i s  g e n e r a l ly  fa v o u re d . C om ple te  e r a d ic a t io n  may c re a te  e xp o su re  p ro b le m s  
(B u rg e s s , 1969) o r  m e re ly  le a d  to  a re p la c e m e n t by o th e r  weed s p e c ie s  
(C hong, 1 9 7 0 ). F u r th e rm o re , B urgess (197C ) has p o in te d  o u t t h a t  th e  
s e e d lin g  la y e r  is  a ls o  h e ld  in  ch e ck  by r o o t  and l i g h t  c o m p e t i t io n  o f  
u p p e r s to r e y  t r e e s  and is  n o t n e c e s s a r i ly  re le a s e d  by Bertam  c o n t r o l  
a lo n e .  As a c o n t r o l  m easure , m odera te  s la s h in g  o f  f ro n d s  i s  recommended 
to  a l lo w  in  enough l i g h t  w ith o u t  je o p a r d is in g  th e  m o is tu re  re g im e .
The n a tu r a l  d i s t r i b u t i o n  l i m i t s  o f  a s p e c ie s  may be d e te rm in e d  
by f a c to r s  w h ich  can be m o d if ie d  s i l v i c u l t u r a l l y . F o r exam p le ,
G rubb (1 9 7 1 ) su g g e s te d  one o f  th e  f a c to r s  c o n t r o l l i n g  th e  lo w e r  l i m i t  
o f  d i s t r i b u t i o n  i s  c o m p e t i t io n .  A c c o rd in g ly ,  i f  t h i s  h y p o th e s is  h o ld s  
t r u e  f o r  a d e s ir a b le  s p e c ie s  i t s  lo w e r  l i m i t  m ig h t be e x te n d e d  th ro u g h  
th e  re m o va l o f  c o m p e t i t io n .  L a l l  G i l l  (1 9 5 9 ) has d e m o n s tra te d  t h a t  
seeds o f  Shorea  p la ty c la d o s  t r a n s p la n te d  w e l l  beyond i t s  lo w e r  l i m i t  
showed a h ig h  g e rm in a t io n  p e rc e n ta g e  and f a s t  s e e d lin g  g ro w th  r a t e .
Such e x p e r im e n ts , d e s ig n e d  to  d e te rm in e  p o t e n t ia l  and p ro d u c t iv e  d i s t r i ­
b u t io n  l i m i t s ,  c o n t r o l le d  o r  o th e rw is e ,  a re  p r e r e q u is i t e  to  la r g e  s c a le  
p la n t in g s .  Once th e s e  l i m i t i n g  p a ra m e te rs  a re  d e te rm in e d  fa v o u ra b le  
c o n d i t io n s  can be c re a te d  th ro u g h  s i t e  a m e l io r a t io n .
S i t e  a m e l io r a t io n  s h o u ld  be m in im a l where e c o lo g ic a l  con­
sequence is  unknown. I t  m ust be s tre s s e d  t h a t  th e  e c o lo g y  o f  th e s e  
h i l l  f o r e s t  e n v iro n m e n ts  i s  co m p le x . I t  i s  a d v is a b le  t h e r e fo r e ,  to  
choose s p e c ie s  f o r  p la n t in g  whose ra n g e  can be e x te n d e d  w ith  m in im a l 
s i t e  m o d i f ic a t io n .  S i l v i c u l t u r a l  t re a tm e n t may in v o lv e  re m o v a l o f
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uneconomic species, checking of weeds and manipulation of canopy cover. 
Canopy manipulation can certainly be useful in releasing seedlings 
from light and root competition and in speeding up mineral cycling in 
valley bottoms (Lall Gill and Wan Hassan, 1968). If extension can 
be achieved with minimal stress on the extended species and the 
ecosystem, maximum productivity of the Highland Dipterocarp Subzones 
can be realised.
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CHAPTER 3
ENVIRONMENT OF THE TROPICAL HIGHLAND FOREST 
3 .1  INTRODUCTION
The c h a p te r  exam ines th e  t r o p i c a l  h ig h la n d  e n v iro n m e n t in  a 
w id e r  p e r s p e c t iv e  as a backg roun d  to  th e  e n s u in g  d is c u s s io n  on p la n t  
g ro w th  and d i s t r i b u t i o n  in  C h a p te r 4 .  In  p a r t i c u la r ,  th e  c h a p te r  
o u t l in e s  in  d e t a i l  th e  changes w i th  a l t i t u d e  in  b o ta n ic a l  and p h y s ic a l  
com ponents o f  th e  e n v iro n m e n t w i th  em phasis  on th e  in d iv id u a l i s a t io n  
o f  a l t i t u d i n a l  z o n e s .
The p la c e  o f  t r o p i c a l  v e g e ta t io n  in  g e n e ra l and t r o p i c a l  
h ig h la n d  v e g e ta t io n  in  p a r t i c u la r  w i t h in  th e  c o n te x t  o f  w o r ld  
v e g e ta t io n ,  i s  f i r s t  d is c u s s e d  u s in g  H o ld r id g e 's  c l a s s i f i c a t i o n  
s y s te m .
3 .2  TROPICAL HIGHLAND FOREST AND WORLD VEGETATION
W orld  v e g e ta t io n  has been c la s s i f i e d  by H o ld r id g e  u s in g  
a b io - e c o lo g ic a l  s y s te m , (H o ld r id g e  e t  a l . , 1 9 7 1 ). H o ld r id g e 's  
c l a s s i f i c a t i o n  a p p e a rs  t o  have an a d va n ta g e  o v e r  p re v io u s  sys tem s 
( f o r  exam ple S ch im p e r, 1898) in  g iv in g  a more d e ta i le d  c a te g o r is a t io n  
o f  t r o p i c a l  v e g e ta t io n .
H o ld r id g e 's  sys te m  has th re e  le v e ls  o f  c l a s s i f i c a t i o n .  A t 
th e  p r im a ry  and b a s ic  le v e l  i s  th e  ' L i f e  Z one ' w h ich  i s  d e f in e d  by 
c l im a t i c  f a c to r s ;  m a in ly ,  b io te m p e ra tu re ,  p r e c ip i t a t i o n ,  m o is tu re  
a v a i l a b i l i t y  and p o t e n t ia l  e v a p o ra t io n .  S u b d iv is io n s  o f  th e  l i f e
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zone on the basis of vegetation and land use constitute the secondary 
and tertiary levels of classification. The world environment is 
thus divided into over one hundred life zones arranged according to 
latitude of origin, altitudinal belt and humidity province [see 
Figure 3.1).
The tropical environment has thirty eight life zones and is 
characterised by high mean annual bio-temperature, total annual 
precipitation and potential evapo-transpiration. At the opposite
climatic extreme are the Polar environment and its high altitudinal 
equivalent, the Nival altitudinal belt. An increase in altitude is 
thus characterised by lower biotemperature, precipitation and potential 
evaporation.
3.3 CHANGES IN BOTANICAL COMPONANT WITH ELEVATION
Stand structure, physiognomy and floristics undergo definite 
changes with altitude and it is possible to identify the various 
altitudinal zones by the combination of vegetation features considered 
characteristic to each zone.
Features of structure and physiognomy considered useful in 
characterising altitudinal zones are given in Table 3.1. These 
are detailed in Appendix III .
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TABLE 3 .1 C h a ra c te rs  C o n s id e re d  U s e fu l in  C la s s i f y in g  
A l t i t u d i n a l  V e g e ta t io n  Zones in  th e  T ro p ic s  
(G rubb e t  a l . ,  1 9 6 3 ).
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LRF LMRF UMRF
L e a f s iz e p redom inance M e s o p h y ll M e s o p h y ll M ic r o p h y l l
C l im b e rs :
P h o to p h y te s L a rg e  woody s p p . 
common
uncommon uncommon/
a b s e n t
E p ip h y te s
S k io p h y te s co m m o n /o cca s io n a l common uncommon
V a s c u la r common abund an t common
N o n -v a s c u la r common abund an t v e ry  abund an t
O th e rs :
H e ig h t 2 4 -36m (-45m ) 15-27m 4 .5 - 1 8m
T ree  s t r a t a  No. 3 2 1
B u tt re s s e s u s u a l ly  f r e q u e n t  
and la rg e
uncommon o r  
s m a ll
n i l
U n d e r lin e d  c h a ra c te r s  a re  c o n s id e re d  m ost im p o r ta n t .
LRF = Low land R a in  F o re s t  LMRF = Low er M ontane R a in  F o re s t
UMRF= U pper M ontane R a in  F o re s t
3 .3 .1  S tand  S t r u c tu r e
The number o f  t r e e  s t r a t a  d e c re a se s  w ith  a l t i t u d e .  From 
a th re e  s t o r ie d  s ta n d  in  th e  Low land R a in  F o re s t  i t  d e c re a se s  to  tw o 
s t o r ie s  in  th e  Low er M ontane R a in  F o re s t  and one s to r e y  in  th e  U pper 
M ontane R a in  F o r e s t .  The p h a s in g  o u t  o f  each s t ra tu m  a lo n g  z o n a l 
t r a n s i t i o n s  i s  g ra d u a l and o c c u rs  w i th o u t  a p p re c ia b le  change in  m ain 
s to r e y  h e ig h t  (B row n, 1 9 1 9 ).
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Z o n a l t r a n s i t i o n s  a re  n o rm a lly  accom panied by m arked changes 
in  s ta n d  s t r u c t u r e .  Brown (1 9 1 9 ) and G rubb e t a l . ,  (1 9 6 3 ) re c o rd e d  
an in c re a s e  in  p r o p o r t io n  o f  th e  s m a l le r  s iz e d  t r e e s  in  th e  M ontane 
zones and a d e c re a s e  in  d e n s i t y  o f  t r e e  s e e d lin g s ,  b u t a c o n t r a d ic t o r y  
t r e n d  in  th e  d e n s i t y  o f  h e rb s .
Changes in  th e  abundance o f  th e  depen den t s y n u s ia  -  c l im b e rs  
and e p ip h y te s  -  a re  more d e f i n i t e  and a re  c o n s id e re d  by G rubb e t  a l . ,  
(1 9 6 3 ) to  be m ost u s e fu l  in  c h a r a c te r is in g  th e  z o n e s . La rg e  woody 
p h o to p h y te  c l im b e rs  a re  common t o  th e  Low land R a in  F o re s t  b u t minimum 
o r  a b s e n t in  th e  u p p e r zones (B e a rd , 1 9 4 6 ). V a s c u la r  e p ip h y te s  a re  
abund an t in  th e  Low er Montane R a in  F o re s t  (Grubb £ t  a l . ,  1963) w h i le  
n o n -v a s c u la r  e p ip h y te s  a re  m ost a bund an t in  th e  U pper M ontane R a in  F o re s t  
( F u l f o r d  e t  _al. , 197G ). In  g e n e ra l c l im b e rs  d e c re a se  w i th  e le v a t io n  
and e p ip h y te s  in c re a s e .
3 .3 .2  Physiognom y
T here  a re  c h a r a c t e r i s t i c  changes in  phys iognom y between z o n e s . 
The change in  i n d iv id u a l  t r e e  fe a tu r e s  a re  p a r t i c u l a r l y  m arked.
Brown (1 9 1 9 ) re c o rd e d  d e c re a s e s  in  a ve ra g e  t r e e  h e ig h t ,  d ia m e te r ,  
t r e e  and s ta n d  vo lum e w i th  a l t i t u d e .  T ree  fo rm  d e te r io r a te s  fro m  t a l l  
c le a r  b o le s  in  th e  Low land  R a in  F o re s t  to  s tu n te d  g n a r le d  c ro o k e d  and 
low  b ra n c h in g  fo rm s  in  th e  U pper Montane R a in  F o re s t  ( B e a rd , 1 9 4 6 ).
A ls o  a t  h ig h e r  a l t i t u d e s  th e  fre q u e n c y  o f  m o n o p o d ia l b ra n c h in g  d e c re a se s  
(G rubb  e t  a l . ,  1963) and th e  c row ns o f  th e  d o m in a n t t r e e s  f l a t t e n  o u t 
fro m  th e  u m b re lla  shape common in  th e  Low land R a in  F o r e s t ( R ic h a r d s ,
1 9 3 6 ). In  g e n e ra l,  th e  a ve ra g e  t r e e  d e te r io r a te s  in  o v e r a l l  s iz e  
and b iom ass and in  q u a l i t y  and q u a n t i t y  o f  wood w ith  e le v a t io n .
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The decrease in overall size, termed 'dwarfism', is characteristic of 
altitudinal change although it is also affected by topography, being 
more pronounced in exposed situations.
Other physiognomic changes with elevation occur in leaf 
characterisation and structure, cauliflory and buttressing. Changes 
in leaf size and shape occur with elevation. Mesophylls are generally 
found in all zones and form the bulk of the leaf size spectrum but macro- 
phylls decrease in abundance especially across the Lower Montane - 
Upper Montane Rain Forests ecotone (Brown, 1919; Howard, 1969). Indeed 
an abundance of microphylls is characteristic of the Upper Montane 
Rain Forest (Brown, 1919). In addition, compound leaves decrease with 
elevation becoming negligible or entirely absent in the Upper Montane 
Rain Forest (Brown, 1919; Beard, 1946 ).
An additional important feature of leaf change is an increasing 
expression of xeromorphism with altitude. Leaves in the Lowland Rain 
Forest are generally thin and large. The epidermis is single layered 
and palisade cells, several layered. In the Upper Montane Rain Forest 
the leaves are relatively thicker and more fleshy with multi-layered 
epidermis and relatively fewer palisade layers (Howard, 1969).
Other aspects of xeromorphism have also been reported (Lam, 
1945). As with dwarfism, xeromorphic features are accentuated by 
more exposed situations such as ridge tops.
Cauliflory and buttressing, characteristic of the Lowland 
Rain Forest, disappear at the upper limit of the Lower Montane Rain 
Forest (Richards, 1936). The disappearance is gradual and marked by 
decreasing frequency of individuals exhibiting the traits (Brown, 1919) 
and by the progressive decrease in the size of buttressing (Grubb et al., 
1963).
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3.3.3 Floristics
Each zone can be defined by its own unique assemblage of flora. 
A zonal flora consists essentially of species whose optimum of 
distribution is located within the zone (van Steenis, 1934b). However, 
the distribution is not necessarily confined to the zone but is 
commonly transzonal.
The total number of species decreases with elevation in all 
subdivisions of the plant kingdom (Brown, 1919; van Steenis, 1965), 
but relative proportions of the higher taxa vary with altitude. For 
example, in Java, dicotyledons are the most abundant species at sea 
level, monocotyledons at 1,000m and pteridophytes at 1,500m elevation 
(van Steenis, 1965). At high altitudes there is a progressive in­
crease in abundance of lower plant taxa.
Zonal affinitites of some families are well known. In the 
Malay Peninsula the Dipterocarpaceae dominate the Lowland Rain Forestand 
the oak-laurel families (Lauraceae, Myrtaceae, Fagaceae), the Lower 
Montane Rain Forest (Robbins and Wyatt-Smith, 1964), refer Figure 2.1.
The sudden prominance of temperate Holarctic and Australasian flora in 
the Upper Montane Rain Forest is widely reported and suggests a great 
degree of ecological segregation across the Lower Montane - Upper Montane 
Rain Forests ecotone (Brown, 1919; Symington, 1936, 1943; Richards, 1964; 
pp.340-9; Robbins and Wyatt-Smith, 1964).
Oligodominance - i.e. dominance by a few species - as distinct 
from polydominance is a feature associated with elevation. In 
the Dipterocarpaceae of the Malay Peninsula forest types dominated by
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□ne o r  two s p e c ie s  a re  in c r e a s in g ly  a p p a re n t in  th e  u p p e r tw o subzones 
o f  th e  Low land R a in  F o re s t  and in  th e  Low er Montane R a in  F o re s t  (R o b b in s  
and W y a tt-S m ith , 1 9 6 4 ). The te n d e n c y  o f  s p e c ie s  to  c o n g re g a te  in  
r e l a t i v e l y  homogeneous s ta n d s  becomes in c r e a s in g ly  a p p a re n t w ith  
a l t i t u d e .
3 .4  CHANGES IN  PHYSICAL COMPONENT WITH ELEVATION
In  t h i s  s e c t io n  v a r io u s  fa c to r s  o f  th e  p h y s ic a l  e n v iro n m e n t, 
m a in ly  c l im a te ,  s o i l  and supe rim pose d  f a c t o r s ,  w i l l  be d is c u s s e d  fo c u s in g  
p a r t i c u l a r l y  on a s p e c ts  l i k e l y  to  be im p o r ta n t  on p la n t  g ro w th .
3 .4 .1  C lim a te
The m a jo r c l im a t i c  f a c to r s  used in  th e  L i f e  Zone c l a s s i f i c a t i o n  
o f  H o ld r id g e  a re  te m p e ra tu re ,  r a i n f a l l  and a tm o s p h e r ic  m o is tu re  s t a t u s .  
V a r ia t io n s  in  th e s e  f a c to r s  a s s o c ia te d  w i th  a l t i t u d i n a l  change a re  
o u t l in e d  in  t h i s  s e c t io n .  In  a d d i t io n ,  o th e r  c l im a t ic  f a c t o r s ,  
l i g h t  and r a d ia t io n  and w in d , a re  a ls o  d is c u s s e d .
A t th e  le v e l  o f  th e  f o r e s t  s ta n d  z o n a l c l im a te  i s  f u r t h e r  
m o d if ie d  by s ta n d  s t r u c t u r e .  To an im p o r ta n t  d e g ree  i t  c o n t r ib u te s  
to  z o n a l d i f f e r e n c e s  in  s ta n d  m ic ro c l im a te  and in f lu e n c e s  th e  g ro w th  
o f  unde rca n o p y  com ponents e s p e c ia l ly  t h a t  o f  s e e d l in g s .
( a )  T e m p e ra tu re
T here  i s  a s te a d y  d e c re a se  in  a m b ie n t te m p e ra tu re  w i th  
a l t i t u d e  a lth o u g h  th e re  may be v a r ia t io n s  caused by lo c a l  f a c t o r s ,  
p a r t i c u l a r l y  fo g .  Mean te m p e ra tu re  d e c re a se s  a t  th e  ave ra g e  o f  0 .5 ° C / 
+100m w i th  a range  between 0 .4  -  0 .7°C /+100m  (M o h r, 1944; T r o l l ,  1 9 5 7 ).
32
Changes in average weekly temperature between zones at the 
canopy level of the dominant trees are shown in Table 3.2 from data 
collected by Brown (1919). The general trend with elevation is an 
overall decrease in average weekly maximum, minimum and thermoperiod. 
For example, the weekly maximum and minimum temperatures at 300m in 
Lowland Rain Forest are 32.4/20.0°C. and the respective figures are 
23.1 and 17.3°C at 1050m in the Upper Montane Rain Forest. It should 
be noted that the rate of decrease with elevation is uneven. This 
is chiefly attributable to fog influence and is discussed below.
TABLE 3.2 Average Weekly Maximum and Minimum Temperatures
in the Stand at Various Altitudes on Mt Makilling 
(Brown 1919). Between Oct. 1912 to Jan. 1915.
Elevation m 
Temperature C
300(LRF)
Max Min
450(LRF)
Max Min
740(LMRF) 
Max Min
1050(UMRF) 
Max Min
Undergrowth 26.3 20.6 25.5 20.8 24.3 19.4 20.6 15.7
Second storey 27.0 21 .0 26.9 21 .0 - - - -
Dominant tree 32.4 20.0 31 .3 19.6 30.4 18.1 28.1 17.3
LRF = Lowland Rain Forest 
UMRF = Upper Montane Rain Forest
LMRF = Lower Montane 
Rain Forest
An important aspect of temperature in highland environment 
is the occurrance of frost at high altitudes. In his classification, 
Holdridge et, al. , (1971 ) recognises a critical altitude termed the 
1 Frost line1 which represents the lowest altitude of frost occurrence. 
Across this line marked floristic changes occur but without changes in 
stand structure or physiognomy. The frost line is not at a constant
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altitude as it is subject to local physiognomic variations and factors 
such as topography and the Mass Mountain Elevation Effect is important 
in this regard [Riehl, 1954; Troll, 1957).
Stand structure has a moderating influence on stand temperature. 
The influence is increasingly felt down a vertical gradient from the 
upper canopy to the ground level as apparent in Table 3.2.
Average weekly maximum temperature and thermoperiod decrease 
towards ground level in all zones. The change in average weekly 
minimum however differs between zones. In the more close canopied 
Lowland Rain forest and Lower Montane Rain Forest stands the average 
weekly minimum in the undergrowth is slightly higher than at the upper 
canopy level. However, this trend is reversed in the Upper Montane 
Rain Forest where the stand is relatively more open.
(b) Rainfall
Maximum rainfall in tropical highlands occurs at altitudes 
where temperature is cold enough to cause condensation. As such 
rainfall distribution is generally dependant on the location of these 
•condensation altitudes' on the mountain, i.e. in the middle altitudes of 
high mountains and near the summits of smaller ones [Richards, 1964).
Seasonal variation in rainfall appears unaffected by elevation. 
Brown [ 1919) observed that on Mt Makilling in the Philippines, seasonal 
range as well as the seasonal pattern in rainfall remained relatively 
marked and similar in all zones; thus the seasonal dry period common 
in some lowlands also occur in higher zones. This is discussed more
fully below.
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(c) Fog Influence
Climate of the tropical highlands may be markedly influenced 
by fog (Table 3.3). As noted earlier (Section 2.2.1) fog occurs 
frequently above the 1000m critical altitude and generally characterises 
the climate of the Montane Rain Forest. In areas with very high fog 
frequency, the 'fog belt', the atmosphere is perpetually saturated 
and light drizzles are frequent (Troll, 1957). The intensity and 
influence of fog is reduced at the higher altitudes and fog effects 
are less important in the higher vegetation zones.
TABLE 3.3 Climatic Differences Between 'Fog-Free' and ,Frog-Bound' 
Days in the LMRF in Ecuador at 1710m Elevation 
(Grubb and Whitmore, 1966)
Fog-free
Under^
growth*
Days
Clear­
ing*
Fog-bound
Under­
growth*
Days
Clear­
ing*
No. of samplings (days) 14 14 n 7
Av. Maximum Temperature °C. 19.3 25.6 16.3 19.4
Av. Minimum Temperature 12.1 11 .5 13.0 13.0
Av. Daily Range in Temperature 6.1-7.1 14.1 3.3 6.4
Av. Minimum Relative Himidity % 71 67 94 84
Av. Duration of Relative 
Humidity 95% (h)
16— 19 13.5 23 19.5
Bright sunshine (h) - 5.5 - 0.7
Rainfall (mm) - 2.2 - 14.8
* Reading taken under shelter at 1m. above ground.
An important influence of fog is its modifying effect on 
temperature. In the fog belt temperature fluctuations are dampened 
and temperature range reduced (Grubb and Whitmore, 1966). On fog
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free days in Lowland Montane Rain Forest clearings in Ecuador the 
average daily maximum and minimum are 26.5/11 .5°C. On fog bound 
days daily maximum is reduced to 19.4°C while daily minimum is elevated 
to 13.0°C. Daily thermoperiod is thus reduced. Effects due to fog 
are a major cause for uneven temperature with elevation.
Fog therefore essentially acts as a buffer moderating 
fluctuations in other climatic factors and narrowing their ranges.
In addition humidity is increased substantially and the duration of 
near saturation conditions substantially lengthened.
(d) Atmospheric Moisture Status
Humidity increases with elevation up to the fog belt and this 
is paralled by a depression in evaporation rate (Brown, 1919). In the 
fog belt humidity raches its maximum while evaporation rate becomes 
negligible (Brown, 1919; Iroll, 1957). Bn very high mountains, beyond 
the montane zones, the fog belt tapers away into drier atmosphere, 
accompanied by a lowering of humidity and an increase in evaporation rate.
In seasonal climates, periods of dessication characterised by 
high evaporation rates, are known to occur even in the fog bound montane 
zones. For example, on the Andes in Ecuador, Grubb and Whitmore (1966) 
noted that the intensity and duration of dessication periods in the 
Lower Montane Rain Forest are comparable to that in the Lowland Rain 
Forest.
(e) Light and Radiation
Light intensity and sunshine duration generally decrease with 
elevation up to and including the Montane Rain Forest zones 
(Beard, 1946). Ihe principal factors responsible for this trend
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are the incidence of fog and cloud. Increasing fog frequency decreases 
light intensity, dampens the range of light intensities and generally 
exerts a moderating influence on the annual variation pattern of light 
intensity (Brown, 1919). Similarly increasing fog and cloudiness 
increases the proportion of diffused radiation and shortens the 
duration of sunshine (i.e. Table 3.3), (van Steenis, 1948;
Grubb and Whitmore, 1966; Baynton, 1968).
Light intensity in the stand'is further modified by stand 
structure - in particular the amount of canopy cover and the compactness 
of foliage volume. The greater amount of canopy cover in the Lowland 
Bain Forest and Lower Montane Bain Forest reduces light intensity to a 
greater degree than the more open stand of the Upper Montane Bain 
Forest (Grubb and Whitmore, 1966; Baynton, 1968).
In addition, the greater compactness of foliage volume in the 
Lower Montane Bain Forest is compared to the Lowland Bain Forest substan­
tially reduces the amount of oblique light. The stand thus receives 
lesser overall light intensity and over a briefer duration around the 
noon hours (Grubb and Whitmore, 1966).
3.4.2 Soil
(a) Altitudinal Segregation
Edaphic segregation with altitude is widely acknowledged and 
there are indications of edaphic affinity with vegetation zones.
The major edaphic trend with altitude is the gradual 
podzolisation of soil. On Mt Kinabalu in Sabah, yellow earths are 
found in the Lowland Bain Forest, micropodzols and podzols in the
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u p p e r Low er M ontane R a in  F o re s t  and p e a t s o i l s  in  th e  w e t te r  U pper 
M ontane R a in  F o re s t  (Askew , 1 9 6 4 ). In  Ja va , Mohr (1 9 3 0 ) a ls o  re c o rd e d  
a g e n e ra l is e d  t r a n s i t i o n  from  re d  e a r th s  to  y e llo w  e a r th s  and f i n a l l y  
p o d z o ls  b u t d id  n o t in d ic a te  th e  a l t i t u d e s  a t  w h ich  changes o c c u r re d .
The o c c u rra n c e  o f  p o d z o ls  in  w e l l  d ra in e d  Upper M ontane 
R a in  F o re s t  has been w id e ly  re p o r te d  ( S e n s i t iu s ,  1930, 1931; H a rdon ,
1936; F len in , 1948; Askew, 1 9 6 4 ). The c o n d i t io n s  in  t h i s  a l t i t u d i n a l  
zone -  h ig h  r a i n f a l l ,  good d ra in a g e  and low  te m p e ra tu re  ( C o r b e t t ,
1969) -  a re  r e l a t i v e l y  more c o n d u c iv e  to  p o d z o l is a t io n  th a n  in  any 
o th e r  z o n e s .
In  some cases  u n d e r ly in g  p a re n t m a te r ia ls  m o d ify  e d a p h ic  
t r e n d s .  On Mt K in a b a lu  sh a rp  changes in  s o i l  ty p e  o c c u r  on d i f f e r e n t  
p a re n t m a te r ia ls  w i t h in  and between v e g e ta t io n  zones (Askew , 1 9 6 4 ).
T h is  i s  how ever n o t a p p a re n t on th e  L u q u i l lo  M o u n ta in s  in  P u e r to  R ic o  
where d i f f e r e n c e s  in  p a re n t m a te r ia ls  a re  a ls o  re c o rd e d  (W adsw orth  and 
B o n n e t, 1 9 5 1 ).
( b) C h e m ica l and P h y s ic a l P r o p e r t ie s
A s s o c ia te d  w ith  th e  changes in  s o i l  ty p e s  a re  t r e n d s  in  
c h e m ic a l and p h y s ic a l  p r o p e r t ie s .  The g e n e ra l c h e m ic a l t r e n d s  w ith  
e le v a t io n  a re  shown in  T a b le  3 .4 .  These a re : ( 1 )  in c re a s e s  in  o v e r a l l
n o n - l i v in g  o rg a n ic  m a t te r ,  o rg a n ic  c a rb o n , n i t r o g e n ,  c a rb o n -n it r o g e n  
r a t i o  and a c id i t y ;  and ( 2 )  d e c re a se s  in  b a s ic i t y  and base e le m e n ts  
(B row n , 1919; F r ie n d ,  1 9 4 6 ) . There  i s  no change in  a b s o lu te  p hosph o rus  
c o n te n t  (B row n , 1 9 1 9 ). L o c a l to p o g ra p h ic  d i f f e r e n c e s  a re  im p o r ta n t  
and d i f f e r e n c e s  in  r a te s  o f  change o f  s o i l  c h e m ic a ls  between m o u n ta in s  
have been re c o rd e d  (B ro w n , 1919; Askew, 1 9 6 4 ).
TABLE 3.4
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Altitudinal Changes in Some Soil Properties 
Brown 1919(1); Jenny 1948a(2); Askew 1964(3)
LRF LMRF UMRF SAF AF Authority
Humus % 1 .06 1 .71 8.06 - - 1
Organic carbon °/0 _ — — 10.50 41.62 2
6.5 43.5 41 .0(9.4) - - 3
Nitrogen % 0.14 0.20 0.64 - - 1
- - - 0.78 2.66 2
C:N ratio — — _ 13.5 15.7 2
14.6 27.2 36.8(12.0) - - 3
Phosphoric
anhydride °/0 0.106 0.104 0.112 - - 1
Sodium (Na^ O)°/o 0.44 0.55 0.34 - - 1
Potassium (K^O)0/) 0.241 0.189 0.170 - - 1
Acidity pH 3.1(5.4) 2.4 2.3(3.8) — - 3
- - - 5.8 3.3 2
Base saturation °/o 3(81) - (1.2) - - 3
Texture - - - sandy loamy 2
loam
( ) on valley sides. Without brackets, on ridges.
LBF = Lowland Bain Forest LMBF = Lower Montane Bain Forest
SAF = Tropical Subalpine Forest UMBF = Upper Montane Rain Forest 
AF = Tropical Alpine Scrub and 
Chomophyte formations.
The altitudinal trend in organic minerals is a direct product 
of slowed mineralisation rate as a consequence of the lowering in 
temperature. This is considered by Grubb (1971) of major ecological 
significance to highland vegetation. Mineralisation in the tropics is 
retarded below 10-15°C and optimum at 35°C (Mohr, 1930).
At 25°C, the equivalent of about 1000m on Mt Kinabalu mineralisation 
starts to lag behind litter accumulation. Consequently from the
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e le v a t io n s  o f  th e  M ontane R a in  F o re s t  and h ig h e r  th e re  i s  a s te a d y  
a c c u m u la t io n  o f  undecomposed l i t t e r  (Askew, 1 9 6 4 ). I n  w a te r  lo g g e d  
s o i l s ,  c h i e f l y  i n  th e  U pper M ontane R a in  F o r e s t ,  m in e r a l is a t io n  i s  
f u r t h e r  checked o f te n  r e s u l t in g  in  th e  a c c u m u la t io n  o f  p e a t (W adsw orth 
and B o n n e t ,1951; Askew, 1 9 6 4 ),
In fo r m a t io n  c o n c e rn in g  changes in  p h y s ic a l  p r o p e r t ie s  o f  th e  
t r o p i c a l  s o i l s  w i th  a l t i t u d e  i s  r e l a t i v e l y  la c k in g .  G e n e ra l ly  zones 
above th e  Low land  R a in  F o re s t  a re  c o n s id e re d  b e t t e r  s t r u c tu r e d  (B row n, 
1919; Je n n y , 1948; Beard 1946a; Askew, 1964; Grubb e t  a l . , 1 9 6 3 ), bu t 
exam ples o f  w a te r  lo g g in g  o c c u r ,  p a r t i c u l a r l y  in  th e  w e t te r  U pper Montane 
R a in  F o re s t  (Askew, 1964; L y fo r d ,  1 9 6 9 ).
3 .5  SUPERIMPOSED FACTORS IN  TROPICAL HIGHLANDS
S uperim posed e c o lo g ic a l  f a c t o r s  im p o r ta n t  in  t r o p i c a l  h ig h la n d s  
a re  m a in ly  th e  r e la te d  f a c t o r s  o f  f i r e ,  g ra z in g  and man. These a re  
g e n e r a l ly  a s s o c ia te d  w ith  th e  h ig h e r  a l t i t u d i n a l  a re a s  w ith  more 
s e a s o n a l c l im a te s .
The use o f  f i r e  in  m a in ta in in g  a n im a l p a s tu re s ,  in  h u n t in g  
and a g r ic u l t u r e  i s  w id e s p re a d  in  t r o p i c a l  h ig h la n d s .  I n  consequence , 
th e  o r i g i n a l  b ro a d - le a v e d  c l im a x  v e g e ta t io n  w h ich  i s  f i r e  s e n s i t i v e ,  
i s  d e s tro y e d  and re p la c e d ,  by f i r e  p e rp e tu a te d  s u b -c lim a x  v e g e ta t io n s .  
Exam ples o f  th e s e  in c lu d e  th e  Sub A lp in e  g ra s s la n d s  in  Java  and New 
G u inea (van  S te e n is ,  1 9 6 8 ), th e  p in e  f o r e s t s  o f  th e  P h i l ip p in e s
and V ie tnam  ( L iz a rd o ,  1957; Kha, 1966; K o w a l, 1966) and th e  E u c a ly p t  
f o r e s t s  o f  T im o r ( T u r n b u l l ,  p e r s .  com m .).
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3 .6  DISCUSSION
I t  i s  a p p a re n t t h a t  t r o p i c a l  h ig h la n d  v e g e ta t io n  i s  p r im a r i l y  
d i f f e r e n t i a t e d  by c l im a t i c  f a c t o r s  and s e c o n d a r i ly  by e d a p h ic  f a c t o r s .
These e f f e c t s  may be m o d if ie d  by su p e rim pose d  f a c t o r s ,  such  as f i r e .
T h is  v ie w  i s  c o n s is te n t  w i th  H o ld r id g e 's  (1 971 ) o b s e rv a t io n  t h a t  th e  
s ta b le  v e g e ta t io n  u n i t  i s  la r g e ly  a p ro d u c t o f  lo n g  te rm  c l im a t i c  e f f e c t  
and s e c o n d a r i ly  t h a t  o f  o th e r  f a c t o r s .
The p r im a ry  r o le  o f  c l im a te  needs e m p h a s is . C l im a t ic  f a c t o r s  
n o t  o n ly  a f f e c t  p la n t  l i f e  d i r e c t l y  b u t a ls o  i n d i r e c t l y  th ro u g h  th e  
e d a p h ic  medium, th ro u g h  t h e i r  in f lu e n c e  on th e  m in e r a l is a t io n  c y c le  
and t h e i r  c o n d i t io n in g  and d i f f e r e n t i a t i o n  o f  th e  s o i l  i t s e l f  in  th e  
p o d s o l is a t io n  p ro c e s s .  O c c a s io n a lly  th e  s o i l  e x e r ts  as in d e p e n d e n t 
in f lu e n c e  w h ich  i s  g e o lo g ic a l ly  d e te rm in e d .
G iven  t h i s  p re m ise  th e  in te g r a te d  r o le  o f  te m p e ra tu re ,  l i g h t  
and fo g  a re  c o n s id e re d  v i t a l  in  th e  e co sys te m . A t a s e c o n d a ry  b u t 
im p o r ta n t  le v e l  i s  th e  te m p e ra tu re  r e la te d  r e t a r d a t io n  o f  th e  m in e ra l 
c y c le .  C o l le c t i v e l y  and in  in t e r a c t io n  w i th  th e  b o ta n ic  com ponen t, 
th e s e  f a c t o r s  d e te rm in e  th e  b a s ic  n ic h e s  w h ich  a re  s e g re g a te d  a l t i t u d i n a l l y  
and i d e n t i f i a b l e  c o l l e c t i v e l y  as a l t i t u d i n a l  z o n e s . The b o ta n ic  
com ponen t, th e  assem b lage  o f  f l o r a  and c h a r a c t e r i s t i c  s t r u c t u r e  and 
ph ys io g n o m y, r e f l e c t s  t h i s  z o n a t io n .
The d i v e r s i t y  o f  th e  h ig h la n d  e n v iro n m e n t no d o u b t p la c e s  
s t r o n g  d i f f e r e n t i a l  s e le c t io n  p re s s u re s  on th e  ta x a  e s p e c ia l ly  th o s e  
w ith  p a n zo n a l d i s t r i b u t i o n .  F o u r n ie r ’ s work in  C os ta  R ica  (1 9 6 9 ) has 
shown t h a t  la r g e  f a m i l ie s  te n d  to  have w id e r  a l t i t u d i n a l  ra n g e s . The 
D ip te ro c a rp a c e a e  in  P e n in s u la r  M a la y s ia  f o r  exam p le , e x te n d s  up to
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1GG0m altitude and although confined mainly to the Lowland Rain Forest 
zone it gives rise to several species which segregate altitudinally 
in the Highland Dipterocarp Subzones (Robbins and Wyatt-Smith, 1964).
The tendency towards genetic differentiation in taxa with wider altitudinal 
ranges is probably great. This possibility is further discussed in 
Chapter 6.
PART II
LITERATURE REVIEW
An Outline of Patterns and Control of Growth
of Tropical Lowland Species
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CHAPTER 4
GROV/TH PATTERNS AND GROW1 H PHENOLOGY 
IN  TROPICAL VEGETATION
4 .1  INTRODUCTION
There  i s  a g r e a t  c o m p le x ity  o f  g ro w th  p a t te r n s  in  t r o p i c a l  
v e g e ta t io n  com pared to  th o s e  o f  o th e r  r e g io n s ,  due p e rh a p s , to  th e  
r e l a t i v e l y  s m a ll c l im a t i c  v a r ia t io n  in  t r o p i c a l  a re a s . D e s p ite  th e  
c o m p le x ity  th e  g ro w th  p a t te r n s  have been c la s s i f i e d  on th e  b a s is  o f  
m e r is te m a t ic  a c t i v i t y  o f  th e  a p ic a l  s h o o t.
The c h a p te r  o u t l in e s  such a c l a s s i f i c a t i o n  scheme as p roposed  
by K o r ib a  (1 9 5 8 ) ,  and d is c u s s e s  th e  p h e n o lo g ic a l p a t te r n s  o f  b o th  
v e g e ta t iv e  and r e p r o d u c t iv e  g ro w th  o f  th e  p la n t .  The s tu d ie s  re v ie w e d  
a re  m a in ly  o f  lo w la n d  s p e c ie s .
4 .2  CLASSIFICATION OF GROWTH PATTERNS IN  TROPICAL VEGETATION
In  th e  t r o p ic s  v e g e ta t iv e  g ro w th  i s  g e n e r a l ly  s e a s o n a l.  T here  
i s  a p e r io d  o f  r e s t ,  th e  ' r e s t  p e r io d ' ,  u s u a l ly  c o in c id e n ta l  w i th  th e  
d r y  season i f  t h i s  i s  p re s e n t ,  and a p e r io d  o f  s h o o t a c t i v i t y ,  th e  
'g ro w th  p e r io d ' ,  c o in c id e n t  w i th  th e  w et se a so n . In  n o n -s e a s o n a l 
a re a s  a lo n g  th e  e q u a to r  th e  p e r io d  o f  r e s t  i s  n o rm a lly  a b s e n t.
W ith in  t h i s  fra m e w o rk  th e re  a re  s e v e ra l d i f f e r e n t  g ro w th  
p a t te r n s  d u r in g  th e  p e r io d  o f  a c t i v i t y .  L e a d in g  s h o o ts  may grow  
c o n t in u o u s ly  o r  i n t e r m i t t e n t l y ,  g ro w in g  a p ic e s  may be te r m in a l  o r  
l a t e r a l  and g ro w th  o f  th e  b ra n ch e s  and le a d in g  s h o o ts  may be syn ch ro n o u s
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□ r  n o n -s y n c h ro n o u s . K o r ib a  (1 9 5 8 ) has used th e s e  v a r ia t io n s  to  
c l a s s i f y  t r o p i c a l  s p e c ie s  in to  th re e  m a jo r  c la s s e s : -
(a )  e v e rg ro w in g  s p e c ie s
(b )  i n t e r m i t t e n t l y  f lu s h in g  s p e c ie s
( c )  m u l t ip le  f lu s h in g  s p e c ie s
th e  l a t t e r  two c la s s e s  w i l l  be te rm ed c o l l e c t i v e l y  th e  'P e r io d ic  C la s s ’ . 
The c la s s e s  have th e  fo l lo w in g  c h a r a c t e r i s t i c s :
E v e rg ro w in g : A p ic a l m e ris te m  c o n t in u o u s ly  and u n i fo r m ly
a c t i v e .  Found m a in ly  in  s e e d lin g s  in  n o n -s e a s o n a l a re a s  o r  
in  r a p id l y  g ro w in g  p io n e e r  s p e c ie s .
P e r io d ic :  A p ic a l m e ris te m  o n ly  p e r i o d i c a l l y  a c t iv e .  There
is  an a l t e r n a t io n  between g ro w th  and pause ph a se s .
(a )  I n t e r m i t t e n t  F lu s h in g :  The p re d o m in a n t c la s s  th ro u g h o u t
th e  t r o p ic s  e s p e c ia l ly  in  s e a s o n a l a re a s .  M e r is te m a t ic  
a c t i v i t i e s  a re  g e n e r a l ly  s yn ch ro n o u s  between d i f f e r e n t  a p ic e s  
such as b ra n ch e s  and le a d in g  s h o o ts .
( b )  M u l t ip le  F lu s h in g :  M e r is te m a t ic  a c t i v i t i e s  a re  g e n e r a l ly
n o n -s y n c h ro n o u s  between d i f f e r e n t  a p ic e s .  M a in ly  found  in  
n o n -s e a s o n a l a re a s  among m a tu re  d o m in a n ts  e s p e c ia l ly  th o s e  
s u b je c te d  to  e n v iro n m e n ta l g ra d ie n ts  due to  th e  s iz e  o f  th e  
t r e e s .
As a g ro w in g  apex may be e i t h e r  te r m in a l  o r  l a t e r a l ,  th e  
c la s s e s  d e ta i le d  above a re  f u r t h e r  s u b d iv id e d  by K o r ib a  t o  g iv e  s ix  
p r in c ip a l  ty p e s  o f  g ro w th  p a t t e r n ,  nam e ly :
1 . E v e rg ro w in g  te r m in a l
2 . E v e rg ro w in g  l a t e r a l
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3 . I n t e r m i t t e n t  te r m in a l
4 .  I n t e r m i t t e n t  l a t e r a l
5 . M u l t ip le  te r m in a l
6 .  M u l t ip le  l a t e r a l
The m a jo r i t y  o f  t r o p i c a l  t r e e  s p e c ie s  b e lo n g  to  th e  p e r io d ic  
c la s s .  F o r exam p le , in  P e n in s u la r  M a la y s ia  th e  p r o p o r t io n  was 
e s t im a te d  a t  a b o u t 80% ( K o r ib a ,  1 9 5 8 ). E lse w h e re  p a r t i c u l a r l y  f u r t h e r  
fro m  th e  e q u a to r  th e  p r o p o r t io n  i s  h ig h e r .  The r e s t  o f  th e  c h a p te r  
w i l l  m a in ly  co n ce rn  t h i s  c la s s .
4 .3  MERISTEMATIC ACTIVITY OF THE SHOOT APEX
H is to lo g y  o f  th e  s h o o t apex and i t s  d e r iv a t io n s  a re  i l l u s t r a t e d  
in  F ig u re  4 .1 .  H is t o lo g ic a l  te rm s  used a re  th o s e  o f  Esau (1 9 6 5 ) .
A c t i v i t y  o f  th e  p e r ip h e r a l  m e ris te m  p ro m o te s  r a d ia l  in c re m e n t 
and l e a f  i n i t i a t i o n  w h i l s t  a c t i v i t y  o f  th e  r i b  m e ris te m  p rom o tes  
e x te n s io n  g ro w th .
H is t o lo g ic a l  in v e s t ig a t io n  on th e  a c t i v i t y  o f  s h o o t apex o f  
p e r i o d i c a l l y  g ro w in g  s p e c ie s  in c lu d e  s tu d ie s  on te a  ( C a m e llia  th e a ) ,  
C a ll is te m o n  v im in a l i s  and cacao  ( Theobroma c a c a o ) , (B ond , 1942, 1945; 
P u r o h i t  and Nanda, 1968; G re a th o u se  e t  a l . ,  1 9 7 1 ).
The r e la t io n s h ip s  betw een g ro w th  p a t te r n  and m e r is te m a t ic  
a c t i v i t y  a re  o u t l in e d  be low  u s in g  exam p les  fro m  th e s e  s tu d ie s .  The 
p e r io d ic  g ro w th  p a t te r n  has th r e e  d i s t i n c t  phases -
( a )  th e  a c t iv e  o r  f lu s h  phase ;
(b )  th e  pause phase ; and
( c )  th e  r e s t  p h a se .
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The S hoo t Apex
T u n ic a
C orpus
P ro m e ris te m
L e a f P r im o rd ia  
R ib  M e ris te m
P e r ip h e r a l M e r is te m a t ic  
Zone
D e r iv a t io n  o f  T is s u e s  and O rgans
E p id e rm is
T u n ic a
F o l ia r  P r im o rd ia
/  (P ro to d e rm ) ----------
P e r ip h e r a l  ' /
M e ris te m  M e r is te m )— C o r te x
P rocam bium ---------------- V a s c u la r  T is s u e
P ro m e ris te m
C o rp u s -----------  R ib ---------
M e ris te m
P i t h
FIGURE 4 .1  H is to lo g y  o f  th e  S hoo t Apex and D e r iv a t io n
o f  T is s u e s  and O rg a n s .
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The f lu s h  and pause phases a l t e r n a t e  d u r in g  th e  g ro w th  p e r io d  w h i l s t  th e  
t h i r d  phase ( th e  r e s t  phase ) i s  th e  r e s t  p e r io d .  S p e c ie s  d i f f e r e n c e s  
re p o r te d  f o r  C a ll is te m o n  and cacao o c c u r  in  th e  a c t i v i t y  o f  th e  
p e r ip h e r a l  m e ris te m  b u t n o t o f  th e  r i b  m e ris te m .
The f lu s h  phase i s  in  g e n e ra l c h a r a c te r is e d  by r a p id  e x te n s io n  
g ro w th  as w e l l  as r a p id  g ro w th  o f  le a v e s .  D u r in g  th e  f lu s h  phase 
r i b  m e ris te m  is  a c t iv e  o r  in a c t iv e  d e p en d ing  on s p e c ie s .  Thus in  
cacao th e  p e r ip h e r a l  m e ris te m  is  a c t iv e ,  i n i t i a t i n g  new l e a f  p r im o rd ia  
b u t in  C a l l is te m o n , i t  i s  i n a c t i v e ,  th e  l e a f  p r im o rd ia  h a v in g  a lre a d y  
been i n i t i a t e d .
Absence o f  e x te n s io n  and l e a f  g ro w th  g e n e r a l ly  c h a r a c te r is e s  
th e  pause p hase . The r i b  m e ris te m  i s  in a c t iv e  w h i l s t  th e  p e r ip h e r a l  
m e ris te m  may be e i t h e r  a c t iv e  o r  i n a c t i v e .  In  Tea and C a ll is te m o n  
a c t i v i t y  o f  th e  p e r ip h e r a l  m e ris te m  d u r in g  th e  phase i n i t i a t e s  new 
l e a f  p r im o rd ia  and a ls o  p ro d u c e s  r a d ia l  g ro w th .
The r e s t  phase may o r  may n o t be s im i l a r  to  th e  pause phase 
d e p e n d in g  on th e  s p e c ie s .  In  cacao th e  r e s t  phase a p p e a rs  h i s t o l o g i c a l l y  
a p r o lo n g a t io n  o f  th e  pause p hase . H ow ever, in  C a ll is te m o n  th e  
p e r ip h e r a l  m e ris te m  re a c h e s  peak a c t i v i t y  i n i t i a t i n g  b o th  l e a f  and 
f l o r a l  p r im o rd ia  and t r a n s fo r m in g  th e  s h o o t in t o  a r e p r o d u c t iv e  mode.
4 .4  PHENOLOGY OF THE VEGETATIVE SHOOT
The p e r io d  o f  g r e a te s t  f lu s h in g  a c t i v i t y ,  th e  ' f l u s h in g  p e a k ',  
d i f f e r s  a c c o rd in g  to  th e  s e a s o n a l i t y  o f  th e  a re a .  In  h ig h e r  l a t i t u d e s ,  
w here th e  c l im a te  i s  more s e a s o n a l,  f lu s h in g  peaks a re  a ls o  g e n e r a l ly  
s e a s o n a l (C how dhury , 1958; H o p k in s , 1970; C a t in o t ,  1 9 7 0 ). In  e q u a to r ia l
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a re a s  where c l im a te  i s  more u n ifo rm  f lu s h in g  i s  more e v e n ly  d is t r ib u t e d  
and peaks a re  le s s  m arked . H ow ever, in  th e s e  a re a s  peaks a re  o f te n  
o b se rve d  d u r in g  th e  b r i e f  d ry  s p e l l  o f  th e  March E q u in o x  (H o lt tu m ,
1 9 3 8 ).
4 .5  LEAF CHANGE AND ITS PHENOLOGICAL PATTERNS
The le a f in g  h a b i t  o f  a t r e e  i s  d e f in e d  by th e  r e la t io n s h ip  
between l e a f  p ro d u c t io n  and l e a f  f a l l .  The p h e n o lo g y  o f  l e a f  p ro ­
d u c t io n ,  as a com ponent o f  s h o o t f lu s h in g  has a lre a d y  been d is c u s s e d  
(S e c t io n  4 . 3 ) .  L e a f  f a l l  o c c u rs  th ro u g h o u t th e  y e a r b u t i s  how eve r, 
more p ronounced  d u r in g  th e  d r y  season (H o lt tu m , 1931, 1938, 1940; 
K o r ib a ,  1958; E w u s ie , 1!958; M a la is s e  and M a la is s e -M o u s s e t, 1970;
Sharma and R a je sw a ra n , 1 9 7 0 ). In  g e n e ra l th e  le a f in g  h a b i t  o f  
t r o p i c a l  v e g e ta t io n  i s  com p lex  and la c k s  th e  s e a so n a l p r e c is io n  o f  
te m p e ra te  v e g e ta t io n .
The le a f in g  h a b i t  o f  t r o p i c a l  s p e c ie s  ra n g e s  from  th e  
'e v e rg re e n ' to  th e  'd e c id u o u s ' ty p e .  In  th e  e v e rg re e n  s p e c ie s  l e a f  
p ro d u c t io n  and l e a f  f a l l  may o c c u r  c o n t in u o u s ly  th ro u g h o u t  th e  y e a r  o r  
o v e r  a l im i t e d  p e r io d .  In  b o th  cases  l e a f  p ro d u c t io n  o v e r la p s  l e a f  
f a l l  w i th o u t  an in te r v e n in g  le a f le s s  p e r io d .  In  d e c id u o u s  s p e c ie s ,  
l e a f  p ro d u c t io n  and l e a f  f a l l  o c c u r  o v e r  a more r e s t r i c t e d  p e r io d  
and a re  a lw a ys  s e p a ra te d  by a le a f le s s  p e r io d  w h ich  ra n g e s  fro m  a few 
days to  s e v e ra l m onths (H o lt tu m ,  1931, 1938; K o r ib a ,  1 9 5 8 ).
The v a r io u s  s h o o t g ro w th  p a t te r n s  can be b ro a d ly  a s s o c ia te d  
w i th  th e  above le a f in g  h a b i t s .  E v e rg ro w in g  s p e c ie s  a re  s t r i c t l y  
e v e rg re e n , w h i l s t  p e r io d ic  s p e c ie s ,  w h e th e r  w i th  i n t e r m i t t e n t  o r
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m u l t ip le  f lu s h in g  p a t te r n ,  may be e i t h e r  e v e rg re e n  o r  d e c id u o u s .
In  in t e r m i t t e n t  f lu s h in g  s p e c ie s  l e a f  p ro d u c t io n  and l e a f  f a l l  a re  
in  phase w i t h in  and between in d iv id u a ls  r e g a rd le s s  o f  le a f in g  h a b i t .
In  m u l t ip le  f lu s h in g  s p e c ie s  how eve r, th e  tw o p ro c e s s e s  a re  n o t in  
phase and le a f in g  h a b its  may even d i f f e r  between tw ig s  and b ra n ch e s  o f  
in d iv id u a l  t r e e s .
4 .6  CAMBIAL ACTIVITY AND ITS  PHENQLOGICAL PATTERNS
C am b ia l a c t i v i t y  a p p e a rs  c lo s e ly  l in k e d  w ith  a c t i v i t y  o f  th e  
a p ic a l  s h o o t .  T h is  r e la t io n s h ip  i s  c le a r  from  th e  h i s t o lo g ic a l  
s tu d ie s  n o te d  e a r l i e r  (S e c t io n  4 . 3 ) ,  and from  v a r io u s  o th e r  s tu d ie s  
(C how dhury , 1961; P a l iw a l and P ra sa d , 1970; D a u b e n m ire , 1 9 7 2 ). Thus 
th e  p e r io d ic  g ro w th  p a t te r n  te n d s  to  p ro d u ce  p e r io d ic  c a m b ia l a c t i v i t y .  
G row th  r in g s  a re  th e r e fo r e  common in  t h i s  c la s s  e s p e c ia l ly  in  s p e c ie s  
w i th  d e c id u o u s  le a f in g  h a b i ts  (R ic h a rd s ,  1 9 6 4 ).
A lth o u g h  c a m b ia l a c t i v i t y  i s  c lo s e ly  l in k e d  w i th  th e  a c t i v i t y  
o f  th e  a p ic a l  s h o o t th e re  i s  o f te n  m in im a l o v e r la p  o r  an a v o id a n c e  o f  
o v e r la p  w i th  e x te n s io n  g ro w th  (C how dhury , 1958; H o p k in s , 197Q ). The 
d e g re e  o f  o v e r la p  p re su m a b ly  depends on w h e th e r th e  p e r ip h e r a l  m e ris te m  
i s  a c t iv e  in  th e  f lu s h  o r  pause phase o f  th e  g ro w th  p e r io d  (S e c t io n  4 . 3 ) .
4 . 7  VARIATIONS IN  GROWTH PATTERNS
G row th  p a t te r n s  o f  th e  s p e c ie s  may v a ry  a c c o rd in g  to
(a )  age and d e ve lo p m e n t; o r
(b )  s e a s o n a l i t y  o f  e n v iro n m e n t.
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F o re s t  s e e d lin g s  t h a t  a re  n o rm a lly  e v e rg ro w in g  may change in t o  p e r io d ic  
a d u l t s  th ro u g h  a g ra d u a l s h o r te n in g  o f  th e  a n n u a l g ro w th  p e r io d  (N anda,
1963; N jo k u , 1 9 6 4 ). Thus b ig g e r  in d iv id u a ls  in  th e  u p p e r s ta n d  s t r a t a  
show g r e a te r  g ro w th  p e r i o d i c i t y  th a n  s m a lle r  in d iv id u a ls  in  th e  lo w e r  
s t r a t a .  T h is  g r a d ie n t  in  g ro w th  p a t te r n  is  g e n e r a l ly  re c o g n is e d  
e s p e c ia l ly  in  s e a so n a l s ta n d s  (D a v is  and R ic h a rd s ,  1933; B e a rd , 1942; 
C o rn e r , 1 9 4 6 ).
In t r a - s p e c ie s  d i f f e r e n c e s  in  g ro w th  p a t te r n  due to  e n v iro n m e n t 
a re  a ls o  known. D i s t i n c t  changes in  g ro w th  p a t te r n  a re  known to  
o c c u r  between d i s t i n c t l y  d i f f e r e n t  e n v iro n m e n ts  as in  th e  movement o f  
e x o t ic  s p e c ie s  (H o lt tu m ,  1931; C o rn e r , 194G; K o r ib a ,  1958) o r  a c ro s s  
e n v iro n m e n ta l g r a d ie n ts  (B e a rd , 1942; N jo k u , 1 9 6 4 ).
4 .8  REPRODUCTIVE ACTIV ITY AND ITS  PHEN0L0GICAL PATTERNS
F o u r ty p e s  o f  f lo w e r in g  a re  re c o g n is e d  by K o r ib a  (1 9 5 8 ) 
based on th e  t im e  o f  a n th e s is .  In  th e  * e v e r f lo w e r in g ' c la s s  a n th e s is  
o c c u rs  th ro u g h o u t th e  y e a r .  In  th e  S e a so n a l f lo w e r in g ' c la s s  a n th e s is  
i s  se a s o n a l and r e g u la r  w h i le  in  th e  ' n o n -s e a s o n a l f lo w e r in g ' c la s s  
i t  i s  n o n -s e a s o n a l b u t p e r io d ic  and i r r e g u la r .  In  th e  'c o n te m p o ra ry  
g re g a r io u s  f lo w e r in g ' c la s s  a n th e s is  i s  i r r e g u la r  b u t o c c u rs  s im u lta n e o u s ly  
in  a l l  in d iv id u a ls  w i t h in  a l o c a l i t y .
S p e c ie s  t h a t  f lo w e r  s e a s o n a lly  a re  th e  m ost common even in  
th e  u n ifo rm  e q u i t o r i a l  a re a s  where th e  o th e r  f lo w e r in g  ty p e s  te n d  to  
be c o n f in e d .
The t im e  o f  a n th e s is  in  s e a s o n a lly  f lo w e r in g  s p e c ie s  v a r ie s  
g r e a t l y  from  s p e c ie s  t o  s p e c ie s  a lth o u g h  i t  i s  g e n e r a l ly  p ronounced
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d u r in g  th e  d ry  seasons (H o lt tu m ,  1940; R ic h a rd s ,  1964; E w u s ie , 1968; 
K a ra n i,  1 9 6 8 ). In  g e n e ra l f lo w e r in g  in  se a so n a l a re a s  i s  most 
f r e q u e n t  a t  th e  b e g in n in g  and end o f  th e  d r y  se a so n , and m in im a l a t  
th e  h e ig h t  o f  th e  d ry  and w et seasons ( A u b r e v i l le /R ic h a r d s , 1 9 6 4 ).
4 .9  DISCUSSION
C lim a t ic  v a r ia t io n  in  th e  t r o p ic s ,  a lth o u g h  much le s s  
p ronounced  th a n  in  te m p e ra te  a re a s , i s  s t i l l  th e  m a jo r  in f lu e n c e  on 
g ro w th  p h e n o lo g y  o f  t r o p i c a l  v e g e ta t io n .  T h is  i s  e v id e n t  from  th e  
p redom ina nce  o f  s p e c ie s  w i th  v e g e ta t iv e  and r e p r o d u c t iv e  p h e n o lo g ie s  
t h a t  a re  c lo s e ly  r e la te d  to  c l im a t i c  change s , i . e .  s p e c ie s  b e lo n g in g  
to  th e  p e r io d ic  ( v e g e ta t iv e )  c la s s  and th e  se a s o n a l f lo w e r in g  c la s s .
The c lo s e  r e la t io n s h ip  p ro b a b ly  s u g g e s ts  th e  im p o rta n c e  o f  
c l im a te  in  th e  c o n t r o l  o f  g ro w th  in  t r o p i c a l  s p e c ie s  as i s  g e n e r a l ly  
known w ith  te m p e ra te  v e g e ta t io n .  T h is  i s  f u r t h e r  d is c u s s e d  in  th e
fo l lo w in g  c h a p te r .
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CHAPTER 5
THE CONTROL OF GROWTH IN  TROPICAL VEGETATION
5.1 INTRODUCTION
The c h a p te r  d is c u s s e s  th e  c o n t r o l  o f  g ro w th  in  t r o p i c a l  
s p e c ie s .  As c l im a t i c  c o n t r o l  i s  r e l a t i v e l y  b e t t e r  known and i s  
c o n s id e re d  im p o r ta n t  (S e c t io n  4 . 9 ) ,  i t  w i l l  th u s  be em phas ised .
5 .2  CONTROL OF VEGETATIVE SHOOT GROWTH
The o n s e t o f  th e  g ro w th  p e r io d  i s  a s s o c ia te d  w ith  th e  in c re a s e  
in  te m p e ra tu re ,  f re q u e n c y  o f  r a i n f a l l  and le n g th e n in g  p h o to p e r io d  w h ile  
th e  o n s e t o f  r e s t  p e r io d  i s  a s s o c ia te d  w i th  th e  co n v e rs e  t r e n d s .
C lo se  r e la t io n s h ip s  have been shown to  e x is t  between some o f  th e s e  
f a c to r s  and th e  c o n te m p o ra ry  v e g e ta t iv e  g ro w th  phase .
5 . 2 . 1  P ro m o tio n  o f  G row th D u r in g  Wet Seasons
A lth o u g h  m o is tu re  i s  th e  c h a r a c te r is in g  fe a tu r e  o f  s e a s o n a l 
change in  th e  t r o p ic s  i t  i s  n o t  c o n s id e re d  an im p o r ta n t  f a c t o r  in  
c o n t r o l l i n g  g ro w th .  In d e e d  i n i t i a l  f lu s h in g  peaks commonly o c c u r  a t  
th e  end o f  th e  d r y  season when m o is tu re  s t r e s s  i s  o f te n  a t  i t s  peak 
( T a y lo r ,  I9 6 0 ; N jo k u , 1963; J e f f e r s  and B o a le r ,  1966; D rew , 1969;
Longman, 1969; M edina e t  a l . ,  1969; C a t in o t ,  1970; H o p k in s , 1 9 7 0 ).
I t  has been su g g e s te d  t h a t  th e  e f f i c i e n t  r o o t in g  sys tem s o f  woody t r o p i c a l  
s p e c ie s  e n a b le  them t o  a v o id  s u r fa c e  m o is tu re  s t r e s s  (Longm an, 1 9 6 9 ). 
H ow ever, where m o is tu re  i s  t r u l y  l i m i t i n g  i t  i s  known to  e x e r t  a s tro n g  
in f lu e n c e  on g ro w th  (A lv im ,  1958a; S a le ,  1970a, b ) .
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In c re a s e s  in  p h o to p e r io d  and te m p e ra tu re  a re  known to  p rom o te  
v e g e ta t iv e  g ro w th  in  s e v e ra l f o r e s t  and h o r t i c u l t u r a l  s p e c ie s .  F o r 
exam p le , lo n g  days p ro lo n g  g ro w th  p e r io d  in  s e v e ra l In d ia n  f o r e s t  s p e c ie s  
(N anda, 1 9 6 3 ), in c re a s e  h e ig h t  and l a t e r a l  g ro w th  in  c o f fe e  and 
T e rm in a l ia  su p e rb a  (A lv im ,  1958a; Longman, 1969) and in c re a s e  th e  number 
o f  le a v e s  in  s e v e ra l West A f r ic a n  f o r e s t  s p e c ie s  (Longm an, 1 9 6 6 ). In  
a d d i t io n  maximum te m p e ra tu re  and d a i l y  th e rm o p e r io d  p rom o te  f lu s h in g s  
□ f  cacao (H u m p h rie s , 1944; A lv im , 1956b and S a le ,  1 9 6 9 ).
C am b ia l a c t i v i t y  may be p rom oted  by fa c to r s  a s s o c ia te d  w ith  
th e  c l im a te  o f  th e  w e t se a so n . Long p h o to p e r io d  and h ig h  a ve ra g e  
te m p e ra tu re  have been su g g e s te d  as c a m b ia l a c t i v i t y  c o n t r o ls  (A lv im ,  
1956a; P a l iw a l and P ra sa d , 1 9 7 0 ). H ow ever, in  D a lb e rg ia  s is s o o  
c a m b ia l a c t i v i t y  a p p e a rs  to  be c o n t r o l le d  by f a c to r s  o f  th e  b r i e f  
d r y  p e r io d  w h ich  n o rm a lly  in te r c e d e  th e  w e t seasons (R ic h a rd s ,  1 9 6 4 ), 
i . e .  low  r a i n f a l l  and r e l a t i v e  h u m id ity  ( P a l iw a l  and P ra sa d , 1 9 7 0 ).
Thus th e  fa c to r s  c o n t r o l l i n g  c a m b ia l g ro w th  a re  le s s  w e l l  known and may 
v a r y  fro m  s p e c ie s  to  s p e c ie s .
5 .2 .2  P ro m o tio n  o f  R es t
S h o r te n in g  p h o to p e r io d  and d e c re a s in g  te m p e ra tu re  a re  con ­
s id e re d  th e  m ain f a c to r s  r e t a r d in g  v e g e ta t iv e  g ro w th .  S h o r t  days  
r e ta r d  h e ig h t  g ro w th ,  d e c re a se  l a t e r a l  g ro w th , p ro lo n g  th e  r e s t  p e r io d  
and p rom o te  l e a f  f a l l  in  s p e c ie s  such  as P lu m e r ia  a cu m in a ta  (A lv im ,  1964; 
M u ra sh ig e , 1966; Law ton and Apkan, 1 9 6 8 ). D e c re a s in g  n ig h t  te m p e ra tu re  
f u r t h e r  a c c e n tu a te s  th e s e  e f f e c t s  (Longm an, 1 9 6 9 ).
54
5 .2 .3  Mechanisms o f  C l im a t ic  C o n tro l
The c lo s e  c o r r e la t io n  o f  g ro w th  p a t te r n  w i th  s e a s o n a l change 
in  t r o p i c a l  v e g e ta t io n  (S e c t io n  4 .9 )  s u g g e s ts  th e  e x is te n c e  o f  some 
fu n d a m e n ta l c o n t r o l l i n g  m echan ism s. S e v e ra l mechanism s have been 
su g g e s te d  based on te m p e ra tu re ,  l i g h t  o r  t h e i r  c o m b in a t io n .  The r o le  
o f  p h o to p e r io d  a lo n e  i s  s u s p e c t s in c e  m ost e x p e r im e n ts  use u n n a tu r a l ly  
lo n g  p h o to p e r io d s  to  p ro d u ce  s i g n i f i c a n t  r e s u l t s  (A lv im , 1964;
Longman, 1 9 6 6 ). I t s  c o m b in a t io n  w i th  n ig h t  te m p e ra tu re  i s  how eve r, 
c o n s id e re d  im p o r ta n t  (Longman, 1 9 6 6 ). In  a d d i t io n  re d  -  i n f r a - r e d  
(A lv im , 1964) and th e rm o p e r io d  mechanism s (A lv im , 1956b; S a le , 1969) 
have a ls o  been s u g g e s te d . H ow ever, Nanda (1963 ) v iew ed  th e  r o le s  
o f  te m p e ra tu re  and l i g h t  a t  th e  more fu n d a m e n ta l le v e l  o f  e n e rg y  
re q u ire m e n ts  o f  th e  p la n t .  The fo rm  o f  e n e rg y  s u p p ly ,  w h e th e r p h o to  
o r  th e rm ic  o r  t h e i r  c o m b in a t io n ,  was n o t  im p o r ta n t  p ro v id e d  c e r t a in  
le v e ls  o f  re q u ire m e n ts  were s a t i s f i e d .
5 .2 .4  I n t r i n s i c  C o n tro l o f  S hoo t G row th
G row th  p a t te r n s  in  some s p e c ie s  a p p e a r in n a te .  F o r  exam p le ,
p e r io d ic  s p e c ie s  n o rm a lly  g ro w in g  in  s e a s o n a l e n v iro n m e n ts  may n o t  a l t e r  
t h e i r  g ro w th  p a t te r n s  when grow n in  c a r e f u l l y  c o n t r o l le d  u n ifo rm  
e n v iro n m e n ts  o r  moved to  n o n -s e a s o n a l a re a s  (K o r ib a ,  1958; G rea thouse  
e t  a l . ,  1 9 7 1 ). S tro n g e r  e v id e n c e  i s  th e  te n d e n cy  f o r  g r a f t e d  ru b b e r  
c u t t in g s  ( Havea b r a s i l i e n s i s ) to  co n fo rm  to  p a r e n ta l  g ro w th  p a t te r n  r a t h e r  
th a n  t h a t  o f  th e  s ta n d  (S c h w e iz e r /R ic h a rd s , 1 9 6 4 ). I t  a p p e a rs  t h a t  
p e r io d ic  g ro w th  p a t te r n s  can be g e n e t ic a l l y  d e te rm in e d  and w i l l  c o n t in u e  
to  p e r s is t  o u t  o f  t h e i r  n a tu r a l  s e a s o n a l rh y th m  even when grow n in  n o n -
s e a s o n a l a re a s .
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5 .2 .5  C o r r e la t io n  o f  E x te n s io n  and R a d ia l G row th
As n o te d  e a r l i e r  in  S e c t io n  4 .6  r a d ia l  g ro w th  does n o t n o rm a lly  
o v e r la p  th e  p e r io d  o f  e x te n s io n  g ro w th .  U nder fa v o u ra b le  c o n d i t io n s  
th e re  i s  an a p p a re n t c o m p e t it io n  f o r  fo o d  and horm ones between th e  two 
p ro c e s s e s  and c a m b ia l g ro w th  i s  g e n e r a l ly  m in im is e d  (A lv im , 1 9 5 6 a ).
T h is  c o r r e la t io n  and th e  r e s u l t a n t  g ro w th  p a t te r n  a re  c o n s id e re d  to  be 
u n d e r ho rm ona l c o n t r o l  in  t r o p i c a l  s p e c ie s  (C how dhury, 1958; K o z lo w s k i 
and G re a th o u s e , 1 9 7 0 ).
5 .3  CONTROL OF REPRODUCTIVE GROWTH
G e n e ra l ly ,  f lo w e r in g  c o n t r o l  in  th e  n o n -s e a s o n a l and e v e r f lo w e r in g  
s p e c ie s  i s  p ro b a b ly  in n a te ,  w h i le  s e a s o n a l and g re g a r io u s  f lo w e r in g  
s p e c ie s  a re  u n d e r p re d o m in a n t c l im a t i c  c o n t r o l .  T h is  s e c t io n  m a in ly  
d is c u s s e s  f lo w e r in g  in  th e  l a t t e r  g ro u p  s in c e  l i t t l e  i s  known o f  in n a te  
c o n t r o l  o f  r e p ro d u c t io n  in  t r o p i c a l  s p e c ie s .
The v a r io u s  r e p r o d u c t iv e  phases -  f l o r a l  in c e p t io n ,  d e v e lo p ­
ment and a n th e s is  -  a p p e a r c lo s e ly  r e la te d  w ith  c o n te m p o ra ry  c l im a t i c  
f a c t o r s ,  as in  th e  case o f  v e g e ta t iv e  g ro w th .  How ever, c o n s id e ra b le  
v a r ia t io n  e x is t s  s in c e  r e p r o d u c t iv e  p h e n o lo g y  i s  v a r ia b le  betw een 
s p e c ie s  and le s s  p r e c is e ly  c o r r e la te d  w ith  s e a s o n a l p a t te r n  (R ic h a rd s ,
1 9 6 4 ).
F lo r a l  in c e p t io n  and d e ve lo p m e n t r e q u ir e  th e  p re v a le n c e  o f  
f a c to r s  a s s o c ia te d  w ith  th e  d r y  s e a so n . F o r exam p le , m o is tu re  s t r e s s  
and s h o r t  p h o to p e r io d  a re  c o n s id e re d  p r e r e q u is i t e s  f o r  f l o r a l  in c e p t io n  
( P i r in g e r  and B o r th w ic k , 1955; A lv im , 1958a; N jo k u , 1958a; S a le , 1 9 7 0 a ). 
S im i la r l y ,  d e c re a s in g  n ig h t  te m p e ra tu re  i s  im p o r ta n t  to  f l o r a l  d e ve lo p m e n t 
due to  i t s  in f lu e n c e  on th e  number o f  f lo w e r s  (A lv im ,  1 9 5 8 a ).
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Anthesis is strongly influenced by moisture availability at 
the end of the dry season. Adequate moisture supply and high relative 
humidity appear to trigger and enhance flowering (Alvim, I960; Sale, 1970b). 
Alvim (1958b I I960) suggested that the effect of moisture on flowering 
is hormonal. Moisture stimulates the synthesis of growth promoters 
which removes the influence of inhibitors imposing floral dormancy.
In gregarious flowering species of non-seasonal areas micro­
climate changes are regarded more important than macroclimate changes. 
Actual development appears to be internally regulated but phase transitions 
require the prevalence of favourable microclimate cues. For example, 
the sudden change in moisture status and temperature accompanying a down­
pour are thought to trigger gregarious flowering (Holttum, 1949).
5.4 MODIFICATION OF CLIMATIC CONTROL THROUGH VEGETATIVE AND 
REPRODUCTIVE INTERACTION
Climatic regulation of periodic growth may be modified by an 
interaction between vegetative and reproductive growth. Koriba (1958) 
suggested that this interaction was absent in evergreen species but 
present in deciduous ones.
Climatic determination of floral number and shoot phenology 
is modified by the vegetative-reproductive competition for food.
Branches that flower and fruit profusely commonly delay flushings and
leaf growth (Koriba, 1958). Cannell and Huxley (1969) and Cannell
0
(1971) have shown that virtually all assimilates in floral branches of 
coffee plants (Coffea arabica) are used up in the development of fruits.
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However, in cacao [Theobroma cacao)branches that produce the biggest 
leaf area tend to produce the most flowers (Sale, 1969).
5.5 DISCUSSION
Studies on the control of growth in tropical species are 
mainly confined to the role of climatic factors in regulating growth of 
a few important horticultural species. Indeed, not all aspects of the 
major climatic factors have been investigated. Despite the limitation 
it is apparent that climatic factors, particularly those with marked 
seasonal fluctuations, are the most important regulators of growth 
in tropical species.
Temperature and moisture are considered influential on growth. 
Aspects of temperature - day and night temperatures, and photoperiod - 
have variously been shown important to vegetative and reproductive growth. 
Moisture appears important mainly in reproductive growth and not in 
vegetative growth except under limiting conditions.
Seasonal variation in photoperiod is considered too small to 
be influential on the growth of tropical plants. However, its interaction 
with night temperature may be important and needs further investigation 
as does the role of other aspects of light such as intensity and quality.
PART III
LITERATURE REVIEW
Genecology of Tree Species
59
CHAPTER 6
GENECOLOGY OF TREE SPECIES
6 .1  INTRODUCTION
In  S e c t io n  3 .6  i t  i s  su g g e s te d  t h a t  s p e c ie s  w ith  a w ide  
a l t i t u d i n a l  ra n g e  w i l l  e x h ib i t  some g e n e t ic  d i f f e r e n t i a t i o n  due 
p re su m a b ly  to  th e  d i f f e r e n t i a l  s e le c t io n  p re s s u re s  o f  th e  segm ented 
h ig h la n d  e n v iro n m e n t. In  t h i s  c h a p te r  t h i s  a l t i t u d i n a l  v a r ia t i o n  w i l l  
be exam ined in  th e  c o n te x t  o f  g e n e c o lo g y , i . e .  th e  s tu d y  o f  i n t r a ­
s p e c ie s  v a r ia t io n  o f  p la n ts  in  r e la t i o n  to  th e  e n v iro n m e n t and g e n e t ic s  
o f  th e  s p e c ie s  [T u re s s o n , 1 9 2 3 ).
6 .2  EXISTENCE OF INTRASPECIES GENETIC DIFFERENTIATION IN  TEMPERATE 
TREE SPECIES
In t r a s p e c ie s  d i f f e r e n c e s  have been d e te c te d  in  num erous 
d iv e r s e  c h a ra c te r s  o f  te m p e ra te  t r e e  s p e c ie s .  These in c lu d e d  l e a f  
fo rm  in  P in u s  ta e d a  and B e tu la  a l le g h a n ie n s is  [K n a u f and B i la n ,  1 9 7 4 ), 
f l o r a l  s t r u c tu r e  in  P in u s  s y l v e s t r i s  ( K a r r a f a t t  and G e rh o ld , 1 9 7 3 ), 
wood p r o p e r t ie s  in  P o p u lu s  d e l t o id e s  [P o s e y , 1 9 6 9 ), g ro w th  and g ro w th  
p h e n o lo g y  in  P seudo tsu ga  m e n z ie s i i  [R u d lo f f ,  1972, 1 9 7 3 ), l e a f  c h lo r o p h y l l  
in  A ce r negundo [W in s te a d  and Toman, 1972) and isoenzym es in  P seudos tu ga  
m e n z ie s i i  [M uhs, 1 9 7 4 ).
E v id e n ce  on th e  o c c u rre n c e  o f  a l t i t u d i n a l  e c o ty p e s  in  
te m p e ra te  t r e e  s p e c ie s  w i th  w ide  a l t i t u d i n a l  ra n g e s  has a ls o  been 
e s ta b l is h e d .  A s tu d y  on P in u s  p o n d e ro s a , a s p e c ie s  n a t iv e  t o  th e  e a s t
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coast of the U.S.A. was especially well documented. Seeds were col­
lected from open pollinated parent trees along a W-E transect on the 
Sierra Nevada at steps of 300m spanning a total 2100m elevation within 
narrow latitudes. The resulting seedlings were grown in reciprocal 
transplant plots within the original transect at three elevations,
288m, 820m, and 1695m. Growth was analysed at 12 years (Mirov et al., 
1952), 20 years (Callaham and Liddicoet, 1961) and 29 years (Conkle,
1973). Differences in growth trend were significant in each case 
and related to altitudes of seed parents. Similar differences in 
wood properties were also recorded (Echols and Conkle , 1971; Echols,
1972).
Other studies have also reported significant differences 
between altitudinal ecotypesr Variations in features such as height 
in Pseudotsuga menziesii (Hermannand Lavender, 1968), leaf form in 
Abies balsamea (Myers and Bormann, 1963) and seed size in Pseudotsuga 
menziesii (Sweet, 1965) were considered genetically based.
6.3 ALTITUDINAL ECOTYPES IN TROPICAL TREE SPECIES
The occurrence of altitudinal ecotypes in tropical tree 
species is little known and the examples given by Burley and Burrows (1972) 
and Corn and Hiesey (1973) are probably among the first of its kind.
Burley and Burrows (1972) detected differences in needle 
characters among provenances of Pinus kesiya, a species with a wide 
altitudinal distribution and native to the island of Luzon in the 
Philippines (refer Appendix IV). Seedlings grown from seeds 
collected from two disjunct population centres, one at low altitudes
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(Zam ba les  p ro v in c e )  and a n o th e r  a t  h ig h  a l t i t u d e s  (M o u n ta in  p ro v in c e )  
w ere com pared on tw e lv e  m o rp h o lo g ic a l and a n a to m ic a l c h a ra c te rs  o f  
n e e d le s  u s in g  m u l t iv a r ia t e  a n a ly s is .  The a u th o rs  found s ig n i f i c a n t  
d i f f e r e n c e s  between low  a l t i t u d e  s o u rc e s  (Z am ba les p ro v in c e )  and f i v e  
seed lo t s  o f  th e  h ig h  a l t i t u d e  s o u rc e s  (M o u n ta in  p r o v in c e ) .
Corn and H ie s e y 's  (1 9 7 3 ) w o rk  on M e tro s id e ro  po lym orpha  
com p lex  showed g e n e t ic  d i f f e r e n c e s  w h ich  were a t t r ib u t e d  to  s te e p  
e n v iro n m e n ta l g r a d ie n ts .  The ta x o n , a common n a t iv e  t r e e  in  H a w a ii,  
i s  p o ly m o rp h ic  w i th  i l l - d e f i n e d  ta x o n o m ic  b o u n d a r ie s . I t  o c c u rs  
fro m  sea le v e l  to  2550m a l t i t u d e  in  a b road  c o n t in u o u s  d i s t r i b u t i o n  
o v e r  a w ide  v a r ie t y  o f  s i t e s ,  b u t c h i e f l y  on w e t te r  s lo p e s ,  v a ry in g  
in  fo rm  fro m  t r e e  to  s h ru b  d e p en d ing  on s i t u a t i o n .  Seeds c o l le c te d  
fro m  d i f f e r e n t  a l t i t u d e s  w ere grown to g e th e r  a t  sea le v e l  in  H o n o lu lu .  
V a r ia t io n  in  h e ig h t  and l e a f  fo rm  showed s tro n g  e v id e n c e  o f  e c o ty p ic  
d i f f e r e n t i a t i o n  a lo n g  a l t i t u d i n a l  g r a d ie n ts  a lth o u g h  v a r ia t io n  may 
o v e r la p  fro m  s i t e  to  s i t e .  S e e d lin g s  from  o th e r  is la n d s  compared 
u n d e r s im i la r  c o n d i t io n s  a ls o  showed p a r a l l e l  v a r ia t io n  p a t te r n s .
S teep  e n v iro n m e n ta l g r a d ie n ts  e s p e c ia l ly  t h a t  o f  te m p e ra tu re  and r a i n f a l l  
were c o n s id e re d  im p o r ta n t  in  c a u s in g  th e  e c o ty p ic  d i f f e r e n c e s .
6 . a ADAPTATION OF ECOTYPES TO LOCAL ENVIRONMENTAL FACTORS
In t r a s p e c ie s  v a r ia t io n  in  te m p e ra te  s p e c ie s  has been c o n s id e re d  
an a d a p ta t io n  to  lo c a l  e n v iro n m e n ta l f a c t o r s .  In  lo w la n d  s p e c ie s  
v a r io u s  f a c to r s  have been s u g g e s te d . These in c lu d e  c l im a t ic  f a c to r s ;  
te m p e ra tu re  and p h o to p e r io d  ( V a a r t ja ,  1 9 5 9 ), m o is tu re  (H e in e r  and 
L a v e n d e r, 1972; S c h u ltz  and G atherum , 1971) e d a p h ic  f a c to r s  
(A u to n o v ic s  e t . a l . ,  1971; J a h ro m i, 1972) and b i o t i c  f a c to r s  (W e lls  
and S w itz e r ,  1971; P a lz e r  and R o c k e l, 1 9 7 3 ).
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In temperate highland species differences in ecotype 
response to frost, temperature,light and moisture have also been 
suggested. Ihe frost free period is shorter at higher elevation and 
is widely considered the primary factor controlling the variation in 
growth pehnology of temperate species with wide altitudinal range.
Ihe decrease in the span of growing season (i.e. the period between 
bud burst and bud set) with elevation (Nienstaed and Olson, 1961;
Hermann and Lavender, 1S68) is considered an adaptation to avoid frost 
injury. Similarly, the seeds of the higher ecotypes require a 
longer chilling period, and hence germinate later thereby avoiding the 
late season frosts (Sweet, 1965; Farmer et al., 1972). Exceptions 
where an altitudinal trend in seed germination is not apparent, have 
also been reported (Mirov et al., 1952; Critchfield, 1957).
Investigations into factors regulating growth phsnology of 
temperate highland species suggest the important role of Dhoto- 
period. Studies by Heide (1974) on seedlings of Piciea abies have 
shown that the critical photoperiod for dormancy is longer with high 
elevation ecotypes; i.e. growth dormancy is earlier at higher altitudes.
Ecotypes of higher elevations appear to have efficient 
energy relations in a widely fluctuating environment (Daubenme:r, 1954; 
Wright, 1971). For example Wright (1971) has shown higher altitude 
ecotypes of Pinus attenuata utilise energy more efficiently than lower 
ecotypes under conditions of wide temperature changes and especially 
under extremes of temperature. Similarly, higher ecotypes of several 
woody species, such as Mimulus cardinalis and Oryxia digyna utilise
photoenergy more efficiently than lower ecotypes under higher light
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intensities (Milner and Hiesey, 1964). Higher ecotypes appear 
physiologically better buffered to sudden and extreme climatic changes.
A response, suggested by Wright (1971), to be critical in the upper 
limits of distribution.
Genetic differences in moisture relations are less well known.
A field experiment by Zobel (1974) on Abies grandis suggests that 
altitudinal ecotypes differ in their response to moisture stress.
Stomatal closure in lower ecotypes was more rapid than in higher ecotypes.
6.5 EVOLUTION IN TROPICAL TREE SPECIES
6.5.1 Reproductive System of Tropical Tree Species
Inbreeding is the predominant reproductive mode in tropical 
trees (Aubraville /  Richards, 1964) and is promoted by the isolation 
mechanisms peculiar to the region (Federov, 1966; Baker, 1959) namely:
(l) isolation due to low individual representation per species per 
area; (2) reproductive isolation due to synchronous flowering pattern 
particularly among non-seasonal species in the more uniform areas 
(Section 4,8); and (3) probable reproductive isolation through the 
satiation of insect and animal pollinators due to the masiveness of 
individual tree size and profusion of blooms.
In general the evolutionary trend is towards reproductive 
isolation and homozygosity with the potential for rapid genetic 
isolation and speciation. This is in contrast to the outcrossing, 
and parmixis, hence lesser speciation potential, of temperate trees 
(Stebbins, 1958; Baker, 1959).
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6.5.2 Evolutionary Processes Proposed
The evolutionary process leading to the development of the 
complex tropical flora is presently unknown. It is generally conceded 
a long geological period of regional stability and uninterrupted 
rapid speciation have contributed to this complexity. Opinions differ 
as to the actual mechanism particularly in the relative importance 
of natural selection and genetic drift.
Dobzhansky (1950) emphasised the role of natural selection.
He considered the equable physical environment to be relatively 
unimportant and emphasised the role of the botanical environment. The 
species form stable relationships with other competing and symbiotic 
species through the evolution of differential adaptive characters via 
natural selection. The creation of numerous niches thus resulted from 
and contributed to the botanical wealth of the tropical environment.
Dobzhansky*s proposal appears to contradict one basic 
characteristic of tropical vegetation. The traditional speciation 
process is necessarily preceded by some form of reproductive isolation, 
to counter genetic continuity. Hence, closely related taxa do not 
generally occur close together. But the co-occurrence of closely 
related taxa is common in tropical vegetation (Richards, 1964).
A counter proposal forwarded by Federov (1966) is the view 
that genetic drift and not natural selection is the main evolutionary 
force in tropical environment. Essential to the argument are the 
contributary roles of biotic and reproductive isolation and inbreeding 
which promote genetic discontinuity (Section 6.5.1). Under this 
condition, and given the long stability in the region, mutant genes
65
rapidly accumulate, leading to speciation within relatively confined 
areas. Thus, in Federov’s view, taxonomic characters of tropical 
species are not necessarily adaptive. Co-occurrence of closely 
related species is considered possible since competition is thought 
to exist mainly at the genus and family levels (Federov, 1966;
Baker, 1959).
The roles of natural selection and genetic drift may well 
be more complementary than exclusive. As suggested by Baker (1969), 
natural selection is vital in ensuring a high degree of fitness to 
cope with the rigorous though generally similar demands on regeneration, 
characteristic of the tropical environment (Richards, 1964). The 
fitness adaptation may be perpetuated by the propensity towards 
reproductive isolation. Further speciation through genetic drift 
presumably operates within this framework.
The hypothesis of Rehfeld and Lester (1968) regarding the 
evolutionary status of species, lends credence to the speciation process 
discussed above. According to the hypothesis, successionally 
advanced species inhabiting stable and mature environments, as in 
climax vegetation, tends toward genetic fitness as against genetic 
flexibility. The breeding system is thus typically apomictic leading 
to fragmentisation of the gene pool.
6.6 DISCUSSION
The occurrence of intraspecies differences in temperate 
tree species is well established. Forest tree species with wide 
altitudinal ranges commonly show intraspecies differences that are
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associated with altitude. Such differences are likely to exist in 
the complex tropical highland environment where uniqueness of zonal 
flora is probably the result of local adaptation [Section 3.3.3). 
Species with transzonal distribution are however common [van Steenis, 
1934b) and may be prone to intraspecies differences due to strong 
differential selection pressures between zones as noted in Section 6.3. 
It is possible that genetic differentiation in tropical highland 
species is mainly an adaptive process rather than a non-adaptive one 
as proposed by Federov [1966) for tropical lowland species [Section 
6.5.2).
PART IV
AN OUTLINE OF THE GENERAL APPROACH TO
THE EXPERIMENTAL WORK
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CHAPTER 7
SCOPE OF EXPERIMENTAL WORK
7.1 INTRODUCTION
The chapter reiterates and defines silvicultural problems 
as discussed in Chapter 2 and as associated with policy changes outlined 
in Chapter 1. These are examined briefly within the context of the 
general literature (Parts I, II,III) and information available on the 
species material (Appendix IV). The scope of the experimental work 
is then discussed.
7.2 DEFINITION OF PROBLEMS
The major silvicultural problems in Malaysian forests above 
300m have been reviewed in Chapter 2. Desirable species frequently 
fail to regenerate in economically desirable numbers due to inadequate 
flowering and fruiting, vegetative competition or harvesting damage. 
Improvement may be effected by labour intensive operations such as 
enrichment planting, weeding and intensive silvicultural manipulation 
of the stands.
Thus planting is likely to become increasingly common in the 
highland forests. All the silvicultural operations required are labour 
intensive and approximate to full scale plantation silviculture.
Indeed plantation silviculture is now being considered for some highland 
forests. It is therefore increasingly important to match planted
material to the local environment Yet variation patterns in tropical
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vegetation, particularly highland vegetation, are relatively unknown. 
Studies of such variations and the factors controlling them are 
necessary and prerequisite to the selection of seed sources for optimum 
matching of planting materials to the local environment.
7.* 123 45 ESTABLISHMENT OF SEEDLINGS
A large number of environmental factors may affect growth of 
tropical highland vegetation as outlined in Chapter 3.
Factors considered important in regulating the growth of 
tropical species are listed below. Asterisks distinguish factors 
specifically important to highland vegetation.
List of Factors Important to Growth of Tropical Vegetation
A . Climate
1. Temperature* Day temperature
Night temperature 
Thermoperiod
2. Frost*
3. Light Photoperiod
Red - Infrared 
Light intensity*
4. Moisture* Moisture availability
5. Integrated Factors* Photoperiod x Night temperature
Temperature x Light intensity 
Fog and associated factors
B. Soil
Nutrients*
7G
C. Biotic Factors*
Fire
Micro-organisms
Grazing
Plant competition 
7.4 SCOPE OF EXPERIMENT
The relationship between intra-species variation and environ­
mental factors can be studied using controlled environments since factors 
selected for study can be regulated and general tropical conditions 
approximated in controlled or semi-controlled experiments. This is 
facilitated by the use of seedlings as experimental materials.
Accordingly it was decided to conduct broad studies on the 
effect of several environmental factors which vary with altitude on 
species with wide altitudinal range in the tropics.
As a guide to the experimental work the following criteria 
were followed as closely as possible.
7.4.1 Choice of Experimental Materials
Experimental material should, ideally, originate from sources 
which might show evidence of wide environmental differences attributable 
to altitude and not to other factors of situation, such as latitude or 
longitude.
The requirements were largely met in the seed sources of 
three tropical tree species. The species origin and altitudinal
range were:
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(a) Eucalyptus decaisneana; Portugese Timor
500m to 2680m.
(b) Pinus oocarpa; Central America,
3D0m to 2400m.
(c) Pinus kesiya; the Philippines,
450m to 2450m.
(Full details of the origin of the material used are given in 
Appendix IV).
7.4.2 Choice of Environmental Factors
As studies on the growth of tropical highland species are 
generally lacking the present study was basically introductory.
As many major factors as practicable were therefore studied.
The effects of four major environmental factors on growth 
of experimental materials were studied; temperature, frost,
light and moisture
CHAPTER 8
MATERIALS, F A C IL IT IE S , EXPERIMENTS AND 
GENERAL METHODOLOGY
8.1  INTRODUCTION
T h is  c h a p te r  o u t l in e s  th e  m a te r ia ls ,  f a c i l i t i e s ,  
e x p e r im e n ts  co n d u c te d  and g e n e ra l m e th o d o lo g y  o f  th e  e x p e r im e n ta l 
w o rk  d e ta i le d  in  S e c t io n  V o f  th e  t h e s is .
8 .2  MATERIALS
D e ta i ls  o f  seed s o u rc e s  o f  th e  th re e  s p e c ie s  used and 
background  n o te s  a re  g iv e n  in  T a b le  8 .1  and A pp e n d ix  IV .
Seed s o u rc e s  o f  E . d e ca isn e a n a  and P . k e s iy a  were b u lk e d  seeds 
c o l le c te d  from  s e v e ra l t r e e s .  In fo r m a t io n  on each seed t r e e  
was re c o rd e d  ( T u r n b u l l ,  p e rs .  com m .). Seed so u rc e  o f  P . o o ca rp a  
(POM) from  B r i t i s h  H onduras was a b u lk  c o l l e c t i o n  from  th e  e n t i r e  
ra n g e  o f  th e  s p e c ie s  on Mt P in e  R id g e . The ra n g e  is  how ever 
r e s t r i c t e d  and th e  s a m p lin g  i s  c o n s id e re d  f a i r l y  r e p r e s e n ta t iv e  
(H udson, p e rs .  com m .). No in fo r m a t io n  was how ever a v a i la b le  
on th e  c o l l e c t i o n  o f  th e  re m a in in g  seed s o u rc e s  (PC, POL and  POT).
F o r c o n v e n ie n c e , seed s o u rc e s  common to  a r e g io n  a re  
c o l l e c t i v e l y  te rm ed a ’ s e r i e s ' ;  i . e .  'E u c a ly p tu s  s e r i e s ' ,
'O o ca rp a  s e r ie s '  and 'K e s iy a  s e r i e s ' .
The K e s iy a  and E u c a ly p tu s  s e r ie s  c lo s e ly  met th e  r e q u ir e ­
m ents o f  th e  c r i t e r i a  o u t l in e d  in  S e c t io n  7 . 4 . 1 .  The fo rm e r  
c o n s is ts  o f  two l a t i t u d i n a l l y  d is ju n c t  p o p u la t io n s ,  th e
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C o r d i l le r a  and Zam bales s u b s e r ie s ,  w h ich  d i f f e r  l a t i t u d i n a l l y  
by a b o u t 1 ° 2 2 ' .  The E u c a ly p tu s  s e r ie s  o r ig in a te d  e n t i r e l y  from  
P o rtu g u e se  T im o r . Seeds o f  b o th  s p e c ie s  were c o l le c t e d  from  
w e l l  spaced a l t i t u d e s  w h ich  span m ost o f  t h e i r  a l t i t u d i n a l  range  
b u t were c o n f in e d  w i t h in  n a rro w  m a rg in s  o f  l a t i t u d e s  and lo n g itu d e s  
The c r i t e r i a  was le s s  e a s i l y  met in  th e  O ocarpa s e r ie s  
f o r  th e  f o l lo w in g  re a s o n s :
(1 ) The in c lu s io n  o f  a lo w la n d  seed so u rc e  o f  P in u s  c a r ib a e a  
v a r .  h o n d u re n s is  e x te n d e d  th e  ra n g e  o f  th e  s e r ie s  so u th w a rd s  
by 3 ° 2 0 ' (T a b le  8 . 1 ) .  The in c lu s io n  was c o n s id e re d  n e c e s s a ry  to  
com plem ent th e  a l t i t u d i n a l  ra n g e  o f  th e  s e r ie s  s in c e  P. o o ca rp a  
does n o t o c c u r  be low  30Gm a l t i t u d e  (Hudson p e r s . com m .).
( 2 )  The s e r ie s  was f u r t h e r  e x te n d e d  by 1303* w es t and 2 °9 * 
n o r th  (T a b le  8 . 1 )  by th e  in c lu s io n  o f  a d is ju n c t  o o ca rp a  p rovenan ce  
POT. A lth o u g h  th e  seed s o u rc e s , POL and POM, p e r f e c t l y  met th e  
c r i t e r i a  th e y  w ere how ever n o t a v a i la b le  a t  th e  same t im e  f o r  
in c lu s io n  in  any one e x p e r im e n t.  POT was th u s  used in  b o th  
e x p e r im e n ts  (C h a p te r  10 ) p a r t l y  due to  i t s  a v a i l a b i l i t y  and a ls o  
due to  i t s  h ig h  a l t i t u d e  o f  o c c u r re n c e . The seed s o u rc e s  in  
th e  s e r ie s  w ere  in  g e n e ra l w e l l  spaced a l t i t u d i n a l l y  (T a b le  8 .1  ) .
8 .3  F A C IL IT IE S
F a c i l i t i e s  f o r  c o n t r o l le d  e x p e r im e n ts  were a v a i la b le  a t  
CERES p h y to t r o n  in  C a n b e rra . These a re  d e ta i le d  in  M orse and 
Evans (1 9 6 2 ) .
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In  th e  p re s e n t s tu d y  th e  m a jo r f a c i l i t i e s  used in c lu d e d  
open g la s s h o u s e s , g ro w th  c a b in e ts  and f r o s t  room . The l a t t e r  
f a c i l i t y  w i l l  be d e s c r ib e d  in  S e c t io n  1 2 .2  to g e th e r  w i th  th e  
f r o s t  e x p e r im e n t.
G lasshouse  f a c i l i t i e s  were used in  te m p e ra tu re  
e x p e r im e n t w i t h  th e  K e s iy a  s e r ie s  and l i g h t  e x p e r im e n t w i th  th e  
E u c a ly p tu s  s e r ie s  ( r e f e r  f o l lo w in g  S e c t io n  8 . 4 ) .  In  th e s e  g la s s ­
houses te m p e ra tu re  and p h o to p e r io d  w ere p r e c is e ly  c o n t r o l le d .
Day and n ig h t  te m p e ra tu re  re g im e s  were a l te r n a te d  in  a sq u a re  wave 
p a t te r n  w i th  day te m p e ra tu re  h e ld  a t  one le v e l  f o r  e ig h t  h o u rs  
(□830 to  1630 h r s )  and n ig h t  te m p e ra tu re  h e ld  a t  a le v e l  5°C 
lo w e r  f o r  th e  re m a in in g  s ix te e n  h o u rs . R e la t iv e  h u m id ity  was 
a lw a ys  k e p t h ig h e r  th a n  40%.
The g la s s h o u s e s  made maximum use o f  n a tu r a l  p h o to p e r io d  
th ro u g h  i t s  n o r t h e r ly  o r ie n t a t io n .  The p h o to p e r io d  was e x te n d e d  to  
s ix te e n  h o u rs  by an a d d i t io n a l  e ig h t  h o u rs  o f
low  i n t e n s i t y  in c a d e s c e n t l i g h t i n g  w i th  an i l l u m in a t io n  o f  a b o u t 
2 5 fc .  a t  p la n t  h e ig h t .
T e m p e ra tu re  e x p e r im e n ts  o f  E u c a ly p tu s  and O ocarpa s e r ie s  
(S e c t io n  8 . 4 )  were co n d u c te d  in  n a t u r a l l y  l i t  g ro w th  c a b in e ts  
( ty p e  ’ O ' )  s i t u a te d  in  th e  g la s s h o u s e s . S e le c te d  day and n ig h t  
te m p e ra tu re s  w ere a ls o  a l te r n a te d  in  a sq u a re  wave p a t te r n  and o v e r 
th e  same t im e  p e r io d  as in  th e  g la s s h o u s e s . T e m p e ra tu re  was 
c o n t r o l le d  p r e c is e ly  w i t h in  + G .25°C  e r r o r .  An a tu o m a tic  s h u t t e r  
d e v ic e  r e g u la te d  n a tu r a l  p h o to p e r io d  to  e ig h t  h o u rs  (G800 to  1600 
h r s ) .  T h is  was e x te n d e d  t o  s ix te e n  ho u rs  by low  in c a d e s c e n t
lighting in the cabinets with the same illumination level as in 
the glasshouses (25fc. at plant height). A similar humidity 
level was also maintained.
8.4 EXPERIMENTS CONDUCTED
A total of eight experiments were conducted using four 
species and twelve seed sources. These can be grouped under the 
four major environmental factors studied as outlined below.
With the exception of moisture experiments, all experiments were 
conducted at CERES phytotron. The moisture experiment was conducted 
in the Forestry Department of the A.N.U. Details of the experi­
ments conducted are summarised in Table 8.2.
A . Temperature Experiments
The experiments basically aimed at studying growth response 
of seedlings from different altitudes under different day and night 
temperature combinations. Seedlings of all series were used.
The experiments can be subdivided according to experimental designs 
used, into the followings:
1. Eucalyptus - Oocarpa Series
Both the Eucalyptus and Oocarpa series were treated to­
gether under common experimental designs (Table 8.2). In one 
experiment, growth response of seedlings under a high day and night 
temperature range (24/18°to 30/24°C) was studied. Upon preliminary 
analysis of the results it was decided to complement the study with 
a second experiment aimed at studying growth response under 
limiting temperature conditions (i.e. 24/21° to 15/10°C). The
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( a ) H igh  T e m p e ra tu re  Range E x p e r im e n t
The e f f e c t s  o f  a l l  c o m b in a t io n s  ( 9 )  o f  th re e  day 
(24  , 27 and 30 c )  and th re e  n ig h t  te m p e ra tu re s  (1 8 °  21 ° and 24°C )
on th re e  a l t i t u d e s  o f  seed s o u rc e s  o f  b o th  s e r ie s  were exam ined .
( b) Low T e m p e ra tu re  Range E x p e r im e n t
The e f f e c t s  o f  n in e  c o m b in a t io n s  o f  fo u r  day (1 5 ° ,  1 8 ° ,
21° and 24°C ) and fo u r  n ig h t  te m p e ra tu re s  ( 1 0 ° ,  1 5 ° , 18° and 21 °C ) 
on th re e  a l t i t u d e s  o f  seed s o u rc e s  o f  th e  E u c a ly p tu s  s e r ie s  and tw o 
o f  th e  O ocarpa s e r ie s  were e xam ined . Two te m p e ra tu re  c o m b in a t io n s  
(2 4 /1 8 °  and 2 4 /2 1 °C ) were common w ith  th e  h ig h  te m p e ra tu re  e x p e r i ­
ment to  m a in ta in  c o n t i n u i t y .
2 . K e s iy a  S e r ie s
The e f f e c t s  o f  e le v e n  c o m b in a t io n s  o f  th re e  day (1 5 ° ,
21° and 27°C ) and fo u r  n ig h t  te m p e ra tu re s  ( 1 0 ° ,  1 6 ° , 22° and 28°C ) 
on f i v e  a l t i t u d e s  o f  seed s o u rc e s  ( th r e e  from  C o r d i l l e r a  and tw o 
from  Zam bales s u b s e r ie s )w e re  exam ined
The s tu d y  o f  te m p e ra tu re  e f f e c t s  was em phasised  ow ing  to  
th e  im p o rta n c e  o f  te m p e ra tu re  in  th e  h ig h la n d s  e n v iro n m e n t. In  
a l l ,  f i v e  te m p e ra tu re  e x p e r im e n ts  were c o n d u c te d , tw o each on 
th e  E u c a ly p tu s  and O ocarpa  s e r ie s  (h ig h  and low  te m p e ra tu re  ra n g e ) 
and one on th e  K e s iy a  s e r ie s .
B. F ro s t  E x p e r im e n t
The e f f e c t s  o f  th re e  f r o s t  t r e a tm e n ts  ( - 1 ° C / l2 h r s  and 
- 1 ° C /6 h r s ,  tw ic e )  on th re e  a l t i t u d e s  o f  seed s o u rc e s  o f  th e  
E u c a ly p tu s  s e r ie s  w ere s tu d ie d .
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C . L ig h t  E x p e r im e n t
The e f f e c t s  o f  f o u r  shade t re a tm e n ts  on th re e  a l t i t u d e s  
o f  seed s o u rc e s  o f  th e  E u c a ly p tu s  s e r ie s  were s tu d ie d .  The shade 
t r e a tm e n ts ,  m easured in  te rm s  o f  r e l a t i v e  l i g h t  i n t e n s i t i e s  
( t a k in g  f u l l  d a y l ig h t  as 100%) w e re , 100% ( c o n t r o l ) ,  62%, 51% and 
16%.
D . M o is tu re  E x p e r im e n t
The e f f e c t s  o f  th re e  m o is tu re  t r e a tm e n ts  ( c o n t r o l ,  ’ h a l f  
d r a u g h t ' and ’ f u l l  d r a u g h t ' )  on th re e  a l t i t u d e s  o f  seed so u rc e s  
o f  th e  K e s iy a  ( C o r d i l l e r a )  s e r ie s  were s tu d ie d .
A s im i la r  s tu d y  was a tte m p te d  on th e  E u c a ly p tu s  s e r ie s  
b u t l a t e r  abandoned ow ing  to  re p e a te d  m o r t a l i t y  o f  th e  s e e d l in g s .
Due to  i n s u f f i c i e n t  t im e  l e f t  to  c o m p le te  th e  t h e s is ,  
i t  was n o t p o s s ib le  to  in c lu d e  th e  r e s u l t s  o f  a l l  e x p e r im e n ts  
c o n d u c te d  as o u t l in e d  a bove . C o n s e q u e n tly , r e s u l t s  o f  th e  m o is tu re  
e x p e r im e n t were n o t in c lu d e d  in  th e  t h e s is .  No f u r t h e r  re fe re n c e  
w i l l  be made o f  t h i s  e x p e r im e n t.
8 .5  GENERAL PLANT PARAMETERS
P a ra m e te rs  common to  m ost e x p e r im e n ts  a re  d is c u s s e d  be low  
w h i le  th o s e  s p e c i f i c  to  some e x p e r im e n ts  a re  d is c u s s e d  in  th e  
r e le v a n t  s e c t io n s .
( a )  Stem H e ig h t :  d e f in e d  as th e  d is ta n c e  a lo n g  th e  s tem ,
between c o ty le d o n  and th e  f i r s t  v i s i b l e  p e t io le  base in  
e u c a ly p ts  and th e  a p p ro x im a te d  apex in  p in e s .  In  p in e s  
some s u b je c t i v i t y  was u n a v o id a b le  due t o  t i g h t  b u n ch in g
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□ f  a p ic a l  n e e d le s  a ro u n d  th e  a p e x , th u s  r e q u i r in g  
m inimum h a n d lin g  to  a v o id  damage. A ccu ra cy  was +1mm 
f o r  e u c a ly p ts  and +3mm f o r  p in e s .
( b )  Stem D ia m e te r : m easured a t  th e  h y p o c o ty l end a p p ro x im a te ly
2mm be low  th e  c o ty le d o n ,  b u t a v o id in g  any lo c a l  i r r e g u ­
l a r i t i e s .  F o r c o n s is te n c y  in  p e r io d ic  m easurem ents,
th e  s p o t was in k e d .  D ia m e te r was ta k e n  as th e  a ve ra g e  o f  
tw o  re a d in g s  (m easured w ith  a v e rn e e r  c a l i p e r )  m u tu a l ly  
a t  r i g h t  a n g le s  w i th  each o th e r  and w ith  th e  s te m .
A c c u ra c y  was + 0.1mm.
( c )  B ranch  Number and L e n g th : a b ra n ch  was d e f in e d  as any
l a t e r a l  g ro w th  w i th  a x i s ^  5mm. A s in g le  b ra n ch  le n g th  
was ta k e n  as th e  d is ta n c e  fro m  b ra n ch  base to  b ranch  
apex (a s  d e f in e d  f o r  stem  a p e x) and th e  c u m u la t iv e  le n g th  
o f  a l l  b ra n ch e s  c o n s t i t u t e d  th e  b ra n ch  le n g th  f o r  th e  
p la n t .  A c c u ra c y  was + 1mm f o r  e u c a ly p ts ,  + 3mm f o r  p in e s .
( d )  L e a f  A re a : e u c a ly p tu s  le a v e s  w ere measured on a p h o to ­
e l e c t r i c  b a s is  w i t h  an A u to m a t ic  A rea  M e te r1 (Type AAM-5, 
H a y a s h i Denko Co L td ,  T o k y o ) . Leaves to  be m easured 
w ere m ounted f l a t  on a c o n t in u o u s  t r a n s p a r e n t  b e l t .
A c c u ra c y  was + 0 .0 1 sq cm. E r r o r  may a r is e  from  o v e r ­
la p p in g  o f  la m in a , re p e a te d  m easurem ents o f  le a v e s  
a d h e r in g  o n to  b e l t  and d i r t y  o r  worn o u t b e l t .  W r in k le d  
le a v e s  were c u t  and spaced o u t and b e l t  washed w henever 
n e c e s s a ry  o r  re p la c e d .  A c c u ra c y  was checked p e r io d ic a l l y
w ith  m easured s ta n d a rd s .
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(e )  L e a f D im e n s io n s : l e a f  le n g th  in  e u c a ly p ts  was d e f in e d
as th e  d is ta n c e  from  th e  f i r s t  t r a c e  o f  la m in a  n e a r th e  
p e t io le  to  l e a f  t i p  and l e a f  b re a d th  was th e  w id e s t 
d is ta n c e  between tw o p o in ts  on la m in a r  m a rg in  a t  r i g h t  
a n g le s  to  th e  m id - r ib .
( f )  L e a f Number: In  e u c a ly p ts ,  a l l  le a v e s ^ -  5mm le n g th
w ith  u n fo ld e d  la m in a  were e n u m e ra te d .
( g )  D ry  W e ig h t: p la n t  p a r ts  -  le a v e s /n e e d le s , b ra n c h e s ,
stem  and r o o t  ( th e  p la n t  p o r t io n  be low  c o ty le d o n )  were
oven d r ie d  ( fa n  c i r c u la t e d  a i r  a t  
c .8 5 °C )  f o r  a minimum o f  f o r t y - e ig h t  h o u rs . L a rg e r  woody 
p a r ts  r e q u ir e d  lo n g e r  p e r io d s .  M a te r ia ls  were c o o le d  
in  d e s s ic a to r s  to  room te m p e ra tu re  b e fo re  w e ig h in g . 
A cc u ra c y  was + 0 . 0001g . To a v o id  m o is tu re  im b ib i t io n ,
e s p e c ia l ly  w i t h  la r g e  s u r fa c e  m a te r ia ls  -  le a v e s  and 
r o o ts  -  e x p o su re  t im e  between d e s s ic a to r  and w e ig h in g  
was m in im is e d . A c c u ra c y  was checked  p e r i o d i c a l l y  by 
z e ro in g  th e  s c a le  r e a d in g .
( h )  S hoo t R oo t R a t io :  th e  r a t i o  o f  s h o o t to  r o o t  d r y  w e ig h t
i s  commonly used to  m easure d r y  m a t te r  d i s t r i b u t i o n  w i t h in  
p la n ts  ( f o r  exam p le , L e d ig  and P e r r y ,  1 9 6 5 ). The r a t i o  
i s  c o n s id e re d  s e n s i t iv e  to  v a r ia t i o n  in  e n v iro n m e n ta l 
f a c to r s  and is  th e r e fo r e  s u i t a b le  in  a s s e s s in g  th e  e f f e c t s  
o f  th e s e  fa c to r s  on p la n t  g ro w th  (K o z lo w s k i,  1 9 7 1 ).
( i )  G row th A n a ly s is  P a ra m e te rs :
1 . Mean R e la t iv e  G row th R ate  and Net A s s im i la t io n  R a te :
Mean R e la t iv e  G row th  R ate  i s  a m easure o f  p r o d u c t i v i t y
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and d e f in e d  as th e  r a te  o f  in c re a s e  in  p la n t  d ry  
w e ig h t p e r  u n i t  t im e ,  Mean Net A s s im i la t io n  R ate  is  
a measure o f  p h o to s y n th e t ic  e f f i c ie n c y  and i s  d e f in e d  as 
th e  r a te  o f  in c re a s e  in  p la n t  d r y  w e ig h t ( p h o to s y n th a te )  
p e r  u n i t  p h o to s y n th e t ic  t is s u e  p e r  u n i t  t im e .  The p a ra ­
m e te rs  a re  th e r e fo r e  f u n c t io n s  o f  p la n t  s iz e  and a re  
c o n s id e re d  c o n s ta n t  o v e r  a g iv e n  p e r io d  (R a d fo rd ,  1 9 6 7 ).
2 .  Mean L e a f A rea  R a t io :  d e f in e d  as th e  r a t i o  o f  th e
a s s im i la t o r y  m a te r ia l  p e r u n i t  o f  p la n t  m a te r ia l  p re s e n t .  
T o g e th e r w i t h  n e t a s s im i la t io n  r a te  i t  fo rm s  a com ponent 
o f  r e l a t i v e  g ro w th  r a t e .  L e a f a re a  r a t i o  i s  in  tu r n  
made up o f  tw o com ponents -  ( 3 ) and ( 4 ) b e lo w .
3 .  S p e c i f ic  L e a f A re a : d e f in e d  as th e  a re a  o f  p h o to syn ­
t h e t i c  t is s u e  p e r  u n i t  l e a f  w e ig h t .  I t  a ls o  s e rv e s  as
an in d ic a t o r  o f  l e a f  th ic k n e s s  and l e a f  p l a s t i c i t y .
4 .  L e a f W e ig h t R a t io :  th e  r a t i o  o f  l e a f  d r y  w e ig h t
to  t o t a l  p la n t  d r y  w e ig h t .
The d e te rm in a t io n s  o f  th e s e  p a ra m e te rs  a re  g iv e n  in  
S e c t io n  8 . 7 . 1 .
8 . 6  EXPERIMENTAL DESIGNS
The m a jo r  o b je c t iv e  o f  e x p e r im e n ta l w o rk  was to  exam ine 
th e  p o s s i b i l i t y  o f  in t e r a c t io n  between s e le c te d  fa c to r s  and a l t i t u d e s  
o f  seed s o u rce  on th e  g ro w th  o f  e x p e r im e n ta l m a t e r ia l .  A f a c t o r i a l  
d e s ig n  was th u s  m ost a p p r o p r ia te  and a c c o r d in g ly  used in  a l l  ex­
p e r im e n ts .  The d e s ig n s  o f  in d iv id u a l  e x p e r im e n ts  a re  g iv e n  in  
T a b le  8 .3  and d e t a i l s  o f  f a c to r s  and le v e ls  in  T a b le  8 . 2 .
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In  d e s ig n in g  an e x p e r im e n t th e  c h o ic e  o f  t r e a tm e n t  le v e ls  
c lo s e ly  a p p ro x im a te d  as f a r  as p o s s ib le  n a tu r a l  c o n d i t io n s  o f  
seed s o u rc e s . E x c e p t io n s  w ere made when fa c to r s  c o n s id e re d  
im p o r ta n t  were g iv e n  e x t r a  le v e ls .  F o r exam p le , in  d e s ig n  o f  th e
k e s iy a  te m p e ra tu re  e x p e r im e n t,  n ig h t  te m p e ra tu re  was em phasised  
even th o u g h  t h i s  r e s u l te d  in  n e g a t iv e  th e rm o p e r io d s .
F o r s i m p l i c i t y  o f  a n a ly s is  o n ly  s y m m e tr ic a l d e s ig n s  
were u se d . In  some te m p e ra tu re  e x p e r im e n ts  how eve r, such a 
d e s ig n  was n o t p o s s ib le  a t  a t h r e e - f a c t o r  le v e l  (p ro v e n a n c e , 
day and n ig h t  te m p e ra tu re ) .  T h is  was due e i t h e r  to  in c lu s io n  
o f  t r e a tm e n ts  c o n s id e re d  im p o r ta n t  in  th e  n a tu r a l  e n v iro n m e n t o r  
th e  lo s s  o f  some t re a tm e n ts  d u r in g  e x p e r im e n t.  To a c h ie v e  
sym m etry th e  day and n ig h t  c o m b in a t io n  was t r e a te d  as a s in g le  
f a c t o r  th u s  re d u c in g  th e  number o f  f a c to r s  t o  two (p ro v e n a n c e  x 
te m p e ra tu re ) .  Such a b a la n ce d  t w o - f a c t o r i a l  d e s ig n  was used in  
te m p e ra tu re  e x p e r im e n ts  w i th  th e  E u c a ly p tu s -O o c a rp a  s e r ie s  
(S e c t io n s  9 .2  and 1 0 .2  r e s p e c t iv e ly )  and th e  K e s iy a  s e r ie s  (S e c t io n  
1 1 . 2 ) .
8 .7  CALCULATIONS AND ANALYSIS 
8 .7 .1  C a lc u la t io n s
( a ) G row th A n a ly s is
Mean R e la t iv e  G row th  R ate  (RGR) and Mean Net A s s im i la t io n  
R ate  (NAR) were c a lc u la te d  as m easures o f  g ro w th  f o r  a l l  h a rv e s te d  
p la n ts  in  a l l  e x p e r im e n ts ,  e x c e p t f o r  th e  f r o s t  e x p e r im e n t.
The fo rm u la e  g iv e n  by R a d fo rd  (1 9 6 7 ) were used .
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RGR
LnW2 -  Ln W1
T ~  -  t"
(1 )
NAR
LnA^ -  Ln A^
. . .  [2 )
W here , A^ and W^, A^ a re  r e s p e c t i v e l y  p la n t  d r y  w e ig h t  
and t o t a l  l e a f  a re a  a t  th e  b e g in n in g  ( T ^ ) and end ( T ^ )  o f  
t r e a t m e n t .  LnW ^, LnW ^, LnA^ and  LnA^ a re  th e  n a t u r a l  lo g  
t r a n s f o r m a t io n s  o f  th e  v a r io u s  v a lu e s .
In  P in u s  s p e c ie s ,  w he re  th e  s u r fa c e  a re a  o f  n e e d le s  
i s  d i f f i c u l t  t o  m easu re  a c c u r a t e ly  n e e d le  d r y  w e ig h t  ( L )  was used  
in  p la c e  o f  l e a f  a re a  in  d e te r m in in g  NAR. T h u s ,
-  W. L n L Q L n L ,
NAR _ 2 _ 1  x ■ ■ J -  . . . .  ( 3 )
2 1 2 1
The c o n s ta n c y  o f  RGR and NAR r e s t s  on th e  a s s u m p tio n  
o f  l i n e a r i t y  in  th e  f o l lo w in g  r e l a t i o n s h i p s :
E q u a t io n  ( 1 )  LnW v s  T 
E q u a t io n  ( 2 )  W v s  A
LnA v s  T
E q u a t io n  ( 3 )  W v s  L
LnW v s  T
These r e l a t i o n s h i p s  can  be te s t e d  by s im p le  r e g r e s s io n  
te c h n iq u e  f o r  a l l  e x p e r im e n ts  w i t h  p e r io d ic  h a r v e s t s .  In  g e n e r a l  
c o r r e l a t i o n s  w ere  h ig h  ( r > 0 . 8 )  in  a l l  e x p e r im e n ts  th u s  j u s t i f y i n g  
b o th  th e  use  o f  th e  a b o ve  fo rm u la e  and th e  te c h n iq u e  o f  p e r io d ic
h a r v e s t s .
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Such tests have been emphasised by Radford (1967).
Much confusion stems precisely from faulty assumptions made of complex 
physiological relationships, as above, in deriving growth analysis 
equations.
The retraining growth analysis parameters, Mean Leaf 
Area Ratio (LAR), Specific Leaf Area (SLA) and Leaf Weight Ratio 
(LWR), were calculated according to the following formulae 
(Radford, 1967):
where , A^  and W , A^ are respectively plant dry weight and 
total leaf area at the beginning and termination of experiment.
SLA
where A and W^are respectively total leaf area and total leaf 
dry weight at the time of harvest.
Since accurate assessment of surface area is required 
in determining both LAR and SLA, as with NAR, these parameters 
were not used in experiments using Pinus spp.
WLWR :
W
W^ and W are respectively total dry weight of leaves 
and plant dry weight at the time of harvest. LWR is also 
expressed as a percentage.
(b) Transformation of Data
All percentage data were transformed into their arcsin 
values for analysis.
8.7.2 Analysis
Methods of analysis of the various experiments are 
listed in Table 8.3.
(a) Analysis of Variance
Analysis of Variance (Model II) for balanced factorial 
designs (Snedecor and Cochran, 1967, Chap. 12) was used in the 
analysis of parameters of final harvest plants in all experiments 
Growth analysis parameters, RGR and NAR, of intermediate harvest 
plants were analysed together with those of final harvest plants.
(b) Multiple Regression Analysis
In the design of some temperature experiments,day and 
night temperature combination was treated as a single factor 
(temperature) to achieve symmetry of design (Section 8.6).
The relative effects of day and night temperatures can still be
measured by using the method of Multiple Regression Analysis.
The independent variables, day (T^) and night (T^) temperatures
were regressed against a given parameter (y ), the dependent
variable, according to the linear model;
Y = a + b ^  + b2T2
where 'b^' and
'b^ ' are the 'Partial Regression Coefficients' of 'Y' on *T^ ' 
and 'T ' respectively and 'a ' is the 'Regression Constant'.
The relative importance of T^  and T^ can be measured 
by ranking their 'Standard Partial Regression Coefficients* 
(SPRC) since both variables were mutually independent (Snedecor 
and Cochran, 1967, p.398).
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2where t ^  and y a re  th e  sums o f  sq u a re s  o f  
te m p e ra tu re  ) and t o t a l  ( y ) r e s p e c t iv e ly .
( c ) C om parison  o f  Mean V a lu e s
Means were com pared u s in g  th e  s ta n d a rd  L e a s t S ig n i f i c a n t  
D i f fe r e n c e  p ro c e d u re s . H ow ever, w i th  a la r g e r  number o f  means 
th e  in d is c r im in a te  use o f  L .S .D . had been c a u t io n e d  (S n e d e co r and 
C och ran , 1 9 6 7 ). D u n ca n 's  M u l t ip le  Range A n a ly s is  method was 
used in s te a d .
8 .8  GENERAL EXPERIMENTAL PROCEDURES
8 .8 .1  Seed S to ra g e  and F u m ig a tio n
Whenever seeds were n o t  in  use th e y  w ere s to re d  in  
opaque a i r - t i g h t  c o n ta in e rs  in  c o ld  te m p e ra tu re s .  Seeds w ere 
fu m ig a te d  w ith  M e th y l B rom ide on e n t r y  in t o  CERES.
8 .8 .2  E s ta b lis h m e n t o f  S e e d lin g s
Based on a g e rm in a t io n  t r i a l  and on i n i t i a l  te m p e ra tu re  
e x p e r im e n ts , a p ro c e d u re  f o r  th e  e s ta b lis h m e n t o f  e x p e r im e n ta l 
m a te r ia ls  was s ta n d a rd is e d  and fa l lo w e d  in  a l l  subsequ en t 
e x p e r im e n ts  co n d u c te d  a t  CERES (See T a b le  8 . 4 ) .
SPRC
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TABLE 8 .4  E s ta b lis h m e n t S ch e d u le  f o r  f l .  d e ca i.sn e a n a , 
P. o o ca rp a  and P. c a r ib a e a  S e e d lin g s 9
S ch e d u le  ( da y )
P.  o oca rpa
E. d e ca isn e a n a  „P. c a r ib a e a
1. Sow ing
2 . G e rm in a t io n ^  p e r io d
0
3 . Peak g e rm in a t io n
4 . T ra n s p la n t
5 . End o f  e s ta b lis h m e n t p e r io d
G 0
4 -1 4  9 -1 5
+ 7 + 1 1  
2 2 -2 3  18 -19
30 25
a . Under 27 /2 2 °C  day and n ig h t  te m p e ra tu re s  w i th  8 hou rs  
n a tu r a l  and 8 h o u rs  a r t i f i c i a l  l i g h t .
b . P e r io d  w i t h ^ 90% g e rm in a t io n  c o u n t .  G e rm in a tio n  
c r i t e r i a  w e re , 1 . e u c a ly p ts ;  c o ty le d o n  s e p a ra te d  and 
s p re a d , 2 . p in e s ; h y p o c o ty l e r e c t .
c .  Average f o r  a l l  p ro ve n a n ce s  and s p e c ie s .  D i f fe r e n c e s  
between p ro ve n a n ce  on g e rm in a t io n  p e r io d  and g e rm in a t io n  
peak were o b se rve d  in  E . d e ca isn e a n a  and P. oo ca rp a
*  e s p e c ia l ly  in  th e  fo rm e r .  A l l  p ro ve n a n ce s  showed
b im o d a l p a t te r n  w i th  a more p ro m in a n t i n i t i a l  peak.
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In  th e  su b se q u e n t s c h e d u le s  from  sow ing  to  t r a n s p la n t  
th e  fo l lo w in g  fe a tu r e s  were common:
1 . W a te rin g  R egim e: W a te r in g  was tw ic e  d a i l y  b u t re g u la te d
a c c o rd in g  to  w e a th e r c o n d i t io n s  and s ta g e  o f  g e rm in a t io n .  D u r in g  
p e r io d s  o f  h ig h  in s o la t io n  and a t  e a r ly  s ta g e s  o f  g e rm in a t io n
and e s ta b lis h m e n t a d d i t io n a l  w a te r in g  was n e c e s s a ry .
2 . Medium: D u r in g  e s ta b lis h m e n t and su b se q u e n t t re a tm e n t
p e r io d s  a common medium (1 p e r l i t e : 1 v e r m ic u l i t e  by vo lum e) was u se d .
( a ) S o a k in g
Seeds were soaked in  w a te r  f o r  a b o u t 24 h o u rs .
( b ) Sow ing
S h a llo w  g e rm in a t io n  t r a y s  o r  la rg e  p o ts  w i th  adequ a te  
d ra in a g e  h o le s  were u se d . Soaked seeds were s p r in k le d  e v e n ly  on 
th e  s u r fa c e  o f  th e  medium, l i g h t l y  co ve re d  and th e n  sp ra ye d  w ith  
w a te r .
( c ) G e rm in a tio n
Seeds were g e rm in a te d  in  th e  CERES g la s s h o u s e  u n d e r th e  
fo l lo w in g  c o n d i t io n s :  2 7 ° /2 2 °C  te m p e ra tu re ,  8 h o u rs  n a tu r a l  and 
8 h o u rs  a r t i f i c i a l  p h o to p e r io d  and h ig h  h u m id ity  (R .H .>  40% ). 
N u t r ie n t  s o lu t io n  was a p p l ie d  once d a i l y ,  a t  tw o  weeks fo l lo w in g  
g e rm in a t io n  and p re c a u t io n s  were ta k e n  to  p re v e n t n u t r ie n t  b u rn s .
( d ) T ra n s p la n t
S e e d lin g s  s e le c te d  f o r  t r a n s p la n t  were g raded  v i s u a l l y ,  
a id e d  by a p p ro x im a te  m easurem ents . Those w ith  s im i l a r  h e ig h t ,  
le n g th  and q u a n t i t y  o f  n e e d le s  ( f o r  p in e s )  o r  s im i la r  l e a f  p a i r  
s ta g e , l e a f  shape and s iz e  ( f o r  e u c a ly p ts )  were s e le c te d .  To
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ease p re s s u re  on r o o ts  d u r in g  p r ic k in g  th e  medium was immersed in  
w a te r .  O v e r lo n g  r o o ts  were p runed  to  p re v e n t b a l l i n g .  P o ts  
o f  s im i l a r  s iz e  and w ith  th e  same s iz e d  d ra in a g e  h o le s  were u se d .
Two s e e d lin g s  w ere p la n te d  p e r  p o t where p o s s ib le  and th e  medium 
com pacted to  e n s u re  good ro o t-m e d iu m  c o n ta c t .  Dead s e e d lin g s  
were im m e d ia te ly  r e p la c e d .  In  g e n e ra l,  m o r t a l i t y  was n e g l ig ib le .  
Towards th e  end o f  th e  e s ta b lis h m e n t p e r io d  s e e d lin g s  were 
th in n e d  to  one p e r  p o t .  A t th e  end o f  th e  e s ta b l is h m e n t p e r io d  
s e e d lin g s  were re a d y  f o r  t r e a tm e n t .
8 .8 .3  G ra d in g  o f  S e e d lin g s  f o r  E x p e r im e n ts
A s ta n d a rd  g ra d in g  p ro c e d u re  was adop te d  f o r  a l l  e x p e r i ­
m e n ts . F o r a g iv e n  seed so u rc e  th e  p ro c e d u re  was as fo l lo w s :
1 . The number o f  b lo c k s ,  B (w h ic h  e q u a ls  th e  number o f  
r e p l i c a t e s  p e r  u n i t  o f  e x p e r im e n t)  and th e  t o t a l  number o f  r e p l ic a t e s  
f o r  th e  e x p e r im e n t (N ) w ere f i r s t  d e te rm in e d .
2 . S e e d lin g s  were th e n  ra n ke d  by h e ig h t .  Those w ith  
abno rm a l fe a tu r e s  o r  ex tre m e  h e ig h ts  were removed le a v in g  N 
s e e d lin g s  in c lu d in g  r e p l i c a t e s  f o r  i n i t i a l  h a rv e s t  ( u s u a l ly  
m u l t ip le s  o f  B ) .
3 .  B em a in ing  s e e d lin g s  w ere th e n  g ro u p e d  in to  B h e ig h t  
c la s s e s  o r  b lo c k s .
4 .  W ith in  each b lo c k ,  s e e d lin g s  were ra n d o m ise d  and a l lo t e d  
to  t re a tm e n ts  and i n i t i a l  h a r v e s ts .  Thus a t  th e  s t a r t  o f  each 
t r e a tm e n t  th e re  w ere B r e p l i c a t e s  p e r  u n i t  o f  e x p e r im e n t and nB 
r e p l i c a t e s  f o r  i n i t i a l  h a r v e s t .  The l a t t e r  number was a d ju s te d  
a c c o rd in g  to  t o t a l  a v a i l a b i l i t y  o f  s u i t a b le  s e e d l in g s .
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5 . W ith in  each u n i t  o f  e x p e r im e n t s e e d lin g s  were a g a in  
random ised  and a l l o t t e d  to  h a rv e s t  s c h e d u le s . T h is  s te p  does 
n o t how eve r, a p p ly  t o  th e  f r o s t  e x p e r im e n t.
8 .8 .4  Some R o u tin e  P ro ce d u re
The f o l lo w in g  p ro c e d u re s  were r o u t in e ly  co n d u c te d  in  
m ost e x p e r im e n ts .
1 . W a te r in g  and N u t r ie n t  R egim es: A t CERES a l l  e s ta b l is h e d
s e e d lin g s  w ere w a te re d  tw ic e  d a i l y  1 2 .0 0  h rs  and 1 5 .3 0  h rs  and 
n u t r ie n t s  a p p l ie d  once d a i l y  a t  0 8 .3 0 h rs .  The fo rm u la  o f  th e  
n u t r ie n t  used a t  CERES (m o d if ie d  H o a g la n d ) i s  g iv e n  in  A ppend ix  V.
2 . P e s t C o n t r o l :  S e e d lin g s  were r o u t in e ly  checked f o r
s ig n s  o f  fu n g u s  and in s e c t  a t t a c k s .  A t ta c k s  by re d  s p id e rs  on 
E u c a ly p tu s  le a v e s  ( te m p e ra tu re  e x p e r im e n t,  h ig h  te m p e ra tu re  ra n g e / 
CERES) were checked  w i th  m e th y l b rom ide  fu m ig a t io n .  Damage was 
in  g e n e ra l n e g l ig ib le .  P e s t c o n t r o l  m easures were r o u t ig e ly  
c o n d u c te d  a t  CERES. In  g e n e ra l,  s e e d lin g s  were f r e e
o f  p e s t damage.
3 . P o s i t io n  E f f e c t :  M in im is e d  th ro u g h  w e e k ly  ra n d o m is a t io n
o f  p o t p o s i t io n .
4 .  R e s t r i c t io n  o f  R oot G row th : S e e d lin g s  c o n s id e re d  p o t
bound were t r a n s fe r r e d  to  la r g e r  p o ts .
8 .8 .5  H a rv e s ts
P e r io d ic  h a rv e s ts  w ere made in  a l l  e x p e r im e n ts  e x c e p t 
in  th e  f r o s t  e x p e r im e n t.  T h is  te c h n iq u e  has th e  m ain a d van ta ge  
o f  g r e a t l y  re d u c in g  th e  w o rk lo a d  w h ich  w ou ld  o th e rw is e  be
concentrated in the final harvest thus enabling the maximum use of 
available space. In addition, it permitted comparison of growth 
analysis parameters - Relative Growth Rate and Net Assimilation Rate 
since these are quite independent of age in seedlings.
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PART V
EXPERIMENTAL WORK
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CHAPTER 9
THE EFFECTS OF DAY AND NIGHT TEMPERATURES ON THE 
GROWTH OF EUCALYPTUS DECAI5NEANA SEEDLINGS
9.1  INTRODUCTION
E u c a ly p tu s  d e ca isn e a n a  o c c u rs  o v e r  a w ide  ra n g e  o f  a l t i t u d e s  
in  P o rtu g u e se  T im o r fro m  500m to  o v e r  2,600m  e le v a t io n  (A p p e n d ix  I V ) .
O ve r t h i s  a l t i t u d i n a l  ra n g e  th e  d i f f e r e n c e  in  a ve ra g e  a i r  te m p e ra tu re  
i s  e s t im a te d  a t  10 .5 °C  u s in g  th e  u n iv e r s a l  te m p e ra tu re  la p s e  r a t e  o f  
0 .5 °C /l0 0 m  (se e  S e c t io n  3 . 4 . 1 ) .
T here  i s  a ls o  a w id e  a n n u a l v a r ia t io n  in  te m p e ra tu re  w i t h in  
th e  s p e c ie s  ra n g e  c h a r a c t e r i s t i c  o f  a m onsoonal c l im a te  e x p e r ie n c e d  
in  th e  r e g io n .  A t M aub isse  ( 1 ,432m ) f o r  exam p le , w i t h in  th e  
v i c i n i t y  o f  th e  m id d le  a l t i t u d e  seed s o u rc e , EM, (T a b le  8 . 1 )  th e  
a ve ra g e  d a i l y  maximum te m p e ra tu re  d u r in g  th e  w arm est m onth is . 30 .Q DC 
and th e  a ve ra g e  d a i l y  minimum te m p e ra tu re  o f  th e  c o ld e s t  month is  
11.9% . The l a t t e r  te m p e ra tu re  d ro p s  f u r t h e r  w i th  e le v a t io n  to  8 .6 °C  
a t  1860m in  H ato  B u i l l i c o .  A t t h i s  r a te  o f  d e c re a s e , th e  a ve ra g e  
minimum te m p e ra tu re  o f  th e  c o ld e s t  m onth a t  th e  u p p e r l i m i t  o f  
d i s t r i b u t i o n  i s  c o n s e r v a t iv e ly  e s t im a te d  a t  le s s  th a n  5°C and i s  p ro b a b ly
O —as lo w  as 2 C .
The s p e c ie s  i s  th u s  c o n d it io n e d  to  a w ide  ra n g e  o f  te m p e ra tu re  
due b o th  to  w ide  a l t i t u d i n a l  d i f f e r e n c e s  and w ide  s e a s o n a l f l u c t u a t io n .  
Such m a g n itu d e  o f  d i f f e r e n c e s  u n d o u b te d ly  im pose a v e ry  s t ro n g  
d i f f e r e n t i a l  in f lu e n c e  on th e  g ro w th  and de ve lo p m e n t o f  s e e d lin g s
w i t h in  th e  s p e c ie s .
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Seed sources used in the experiment, the low (EL), middle 
(EM) and top (ET) altitude provenances were collected at elevations 
that practically span the total altitudinal range of the species.
More importantly, they were collected along a continuum within very 
narrow limits of latitude and longitude (Table 8.1). The species 
is therefore ideal in the study of the effects of environmental 
factors related to altitude on seedling growth and development.
The object of this experiment is to study the growth response 
of E. decaisneana seedlings to a wide range of day and night temperature 
combination; in particular, to examine whether any differences in 
growth response occur that can be ascribed to wide differences of 
altitude of seed sources used.
9.2 MATERIALS AND METHODS
The experiments were conducted at CERES phytotron using 
seed materials supplied by the Forest Research Institute in Canberra 
(Seed lot numbers S10135, S10136, S9016).
Three altitudinal seed sources of E. decaisneana were used; 
mainly, the low altitude provenance (EL) from 570m, the middle 
altitude provenance (EM) from 1554m and the top altitude provenance (ET) 
from 2743 m elevation. Details of the origin of seed sources 
were given in Section 8.2 and summarized in Table 8.2.
The study comprised two experiments (Section 8.4,
Table 8.2). In Experiment I, nine combinations of three day
(24, 27 and 30°C) and three night (18, 21 and 24°C) temperatures were
used. Preliminary analysis of results suggest the range to be
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optimum for the growth of all three provenances. The range was 
consequently lowered in Experiment II which aimed at investigating 
possible provenance differences under limiting temperature conditions. 
Nine day and night temperature combinations were then used; 15/10,
18/10, 18/15, 18/18, 21/10, 21/15, 21/18, 24/18 and 24/21°C with the 
last two regimes common to both experiments, for continuity.
The temperature regimes selected were based on actual as 
well as projected meterological data available of the seed source 
(Appendix IV). The day and night temperatures thus used were 
presumably within the natural range experienced by the species.
The experimental design used vary between experiments.
In Experiment I a balanced three-factorial design (provenance x day x 
night temperature) was used. Although thermoperiods as large as 12°C 
may not occur within the species1 natural range they were however 
used to preserve the symmetry of design.
In Experiment II, a three-factorial design was not possible 
since the inclusion of certain temperature regimes considered important 
was given a greater priority. A balanced two-factorial design 
(provenance x temperature) was thus used (cf. Section 8.6).
All temperature treatments were carried out in ' C* cabinets 
under growth conditions and procedures outlined in Sections 8.3 and 
8.8.4.
In both experiments the harvest schedule and average age of 
seedlings were similar (Table 9.1). Twenty-six-day-old seedlings 
were used following standardised establishment and grading procedures 
(Section 8.8.2 and 8.8.3). The treatment lasted 54 days, terminating 
on 11/2/71 in Experiment I and 28/8/74 in Experiment II.
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TABLE 9.1 Harvesting Schedule: Temperature Experiment 
with Eucalyptus Series
Harvest
Schedule
Age (days) since No. of 
Replicates
Total No. of 
Repl. Harv.Germn. Tmt.
i / n b mi i/ii I/II i/ii
-/i 52 26 0/1 0/24
-/2 59 33 0/1 0/24
1/3 66 40 1 27/24
2/4 73 47 1 27/24
3/5 80 54 1-3/3 54/72
Per provenance and per treatment 
Experiment i/Experiment II
For each experiment, nine seedlings per provenance were 
harvested at the beginning of treatment. Gne seedling per provenance 
and treatment was harvested in harvests one and two of Experiment I 
and harvests one to four in Experiment II (Table 9.1). The number 
of seedlings per provenance and treatment in the final harvest was between 
one and three in Experiment I and three in Experiment II. The 
variation in Experiment I was primarily due to insufficient number of 
suitable seedlings available. The total number of treated seedlings 
harvested in Experiment I and II were respectively 1G8 and 168.
At each harvest the following primary parameters were 
measured-stem height and diameter, leaf area and the component oven 
dry weights of leaves, branches, stems and roots. In addition, 
branch number and length was measured and total plant weight, mean 
relative growth rate and net assimilation rate were calculated. In 
the final harvest branch number and length was also measured and 
shoot:root ratio, mean leaf area ratio and leaf weight ratio (as L/o 
leaf weight) were calculated. Measurement and calculation 
procedures were as outlined in Sections 8.5 and 8.7.
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A n a ly s is  o f  v a r ia n c e  (Type I I ) were co n d u c te d  on b o th  p r im a ry  
and d e r iv e d  d a ta .  In  th e  a n a ly s is  o f  mean r e l a t i v e  g ro w th  
r a t e  and n e t a s s im i la t io n  r a t e ,  th e  a v e ra g e s  o f  th e  f i n a l  h a rv e s t  
d a ta  were used th u s  g iv in g  a t o t a l  o f  th re e  r e p l i c a t e s  p e r p rovenan ce  
and t re a tm e n t in  E x p e r im e n t I  and f i v e  in  E x p e r im e n t I I .  T h a t gave  
a t o t a l  o f  81 r e p l i c a t e s  in  E x p e r im e n t I .  Owing to  th e  lo s s  o f  
t re a tm e n t 1Q /15°C in  E x p e r im e n t I I  th e  t o t a l  number o f  r e p l i c a t e s  were 
re d u ce d  to  120 . The re m a in in g  a n a ly s e s  were co n d u c te d  o n ly  on f i n a l  
h a rv e s t  d a ta .
In  E x p e r im e n t I ,  o n ly  ave ra g e  v a lu e s  were used f o r  a n a ly s is  
th u s  g iv in g  a t o t a l  o f  27 p la n t s .  A n a ly s is  o f  v a r ia n c e  was co n d u c te d  
as f o r  a b a la n ce d  3 x 3 x 3  f a c t o r i a l  d e s ig n  w ith o u t  r e p l i c a t e  
(T a b le  8 . 3 ) .
In  E x p e r im e n t I I ,  a f u l l  com plem ent o f  s e e d lin g  was 
m a in ta in e d  in  each t r e a tm e n t  th ro u g h  th e  use o f  s p a re  p la n t s .  T h is  
a llo w e d  th re e  r e p l i c a t e s  p e r  p rovenan ce  and t re a tm e n t  o r  a t o t a l  o f  72 
p la n t s .  A n a ly s is  o f  v a r ia n c e  as f o r  a 3 x 8 f a c t o r i a l  d e s ig n  ( w i t h  
r e p l i c a t i o n )  was c o n d u c te d . In  a d d i t io n ,  a m u l t ip le  re g re s s io n  
a n a ly s is  (S e c t io n  8 .7 .2 c )  was c o n d u c te d  to  e v a lu a te  th e  r e l a t i v e  
e f f e c t s  o f  day and n ig h t  te m p e ra tu re  on d r y - m a t te r  p r o d u c t io n .
9 .3  RESULTS
9 .3 .1  D i f fe r e n c e s  Between E x p e r im e n ts  in  G row th Response o f  S e e d lin g s  
Grown Under Common T e m p e ra tu re s
G row th re s p o n s e  o f  s e e d lin g s  grown u n d e r common te m p e ra tu re  
re g im e s , i . e .  2 4 /1 8°C and 2 4 /2 1 °C , were com pared between th e  tw o
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experiments to determine whether their results can be integrated. 
The comparison is shown in Table 9.2 below.
TABLE 9.2 Comparison of Selected Parameters of Eucalyptus
decaisneana Seedlings Grown Under Common Temperatures 
in High (Experiment i) and Low (Experiment II) 
Temperature Range Experiments
Parameter 24/l8°C 24/21°CEXPT. I EXPT. II EXPT. I EXPT.II
1. Dry-matter ETa 2.678 1 .3808 2.179 0.7453
Production EM 4.648 0.5959 5.673 0.9927
(g) EL 7.816 2.1754 6.962 1.5114
2. Stem Height ET 25.1 13.4 21 .3 8.6
(cm) EM 51 .8 13.1 61 .3 18.0
EL 22.5 20.8 54.3 14.7
3 EL (Low), EM (Middle) and ET (High) altitude provenance.
It is clear from Table 9.2 that despite similar experimental 
procedures there were differences in growth response between the 
two exDeriments. For example, at 24/18°C dry-matter production 
in seedlings of the low provenance (EL) was three and half times 
greater in Experiment I than in Experiment II (respectively, 7.816 
and 2.175g). Similarly, height growth in the middle provenance 
(EM) was greater by four times (51.8 as against 13.1cm).
Opposing trends were also apparent. For example, the 
different night temperatures, 18 and 21°C, increased the height growth 
in the low provenance (EL) seedlings in Experiment I (22.5 to 54.3cm) 
but decreased that in Experiment II (20.8 to 14.7cm).
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S in c e  la r g e  d i f f e r e n c e s  in  p r o d u c t i v i t y  o c c u r re d ,  a v a r ia t io n  
in  e n e rg y  s u p p ly  o th e r  th a n  th e rm o -e n e rg y  was p ro b a b ly  in v o lv e d .
I t  was n o ta b le  t h a t  E x p e r im e n t I  c o in c id e d  w ith  th e  p e r io d  o f  th e  
s o u th e rn  s o la r  s o l s t i c e ,  a p e r io d  o f  maximum in s o la t io n  a t  th e  
l a t i t u d e  o f  C a n b e rra  ( th e  a ve ra g e  d a i l y  r a d ia t io n  le v e l  d u r in g  J a n u a ry  
a t  CERES p h y to t r o n  was c .6 1 0  g . c a l / s q  cm /d a y ) and E x p e r im e n t I I  w i t h  
th e  n o r th e rn  s o la r  s o ls t i c e ,  a p e r io d  o f  minimum in s o la t io n  (c .2 8 0  
g . c a l / s q  cm /day in  J u l y ) .  I t  was th u s  p ro b a b le  t h a t  d i f f e r e n c e s  
between th e  tw o e x p e r im e n ts  were due to  v a r ia t io n  in  th e  s u p p ly  o f  
p h o to -e n e rg y  in  th e  open g la s s h o u s e s . T h is  how ever needs f u r t h e r  
i n v e s t ig a t io n .
The r e s u l t s  o f  b o th  e x p e r im e n ts  w i l l  be p re s e n te d  and d is ­
cussed to g e th e r  to  m a in ta in  c o n t in u i t y .  I t  s h o u ld  how ever be 
em phasised h e re  t h a t  th e  in t e r p r e t a t io n  and in t e g r a t io n  o f  t h e i r  
r e s u l t s  a re  g e n e r a l ly  c o n s id e re d  t e n t a t i v e .
R e s u lts  o f  b o th  e x p e r im e n ts  a re  g iv e n  in  T a b le  9 .3  and 
th e  more im p o r ta n t  p a ra m e te rs  shown in  F ig u re s  9 .2  and 9 .3 .  R e s u lts  
o f  a n a ly s is  o f  v a r ia n c e  a re  sum m arized in  T a b le  9 .4  . Means compared 
w i th  D uncan*s m u l t ip le  ra n g e  t e s t  a re  g iv e n  in  F ig u re  9 .1 .
9 .3 .2  P rovenance  D if fe r e n c e s  
( a ) G row th  and P r o d u c t i v i t y
E. d e c a is n e a n a  e x h ib i te d  a c le a r  a l t i t u d i n a l  t re n d  o f  d e c re a s in g  
g ro w th  and p r o d u c i t i v i t y  w i t h  e le v a t io n .  The t re n d  was c le a r  in  
d r y - m a t te r  p ro d u c t io n  and g ro w th  r a te  (F ig u re s  9 .2 a ,  b; 9 .3 a ,b )  b u t 
le s s  so  in  stem  h e ig h t  g ro w th  (F ig u re s  9 .2 c ,  9 . 3 c ) .  I t  was a ls o  more 
marked in  th e  h ig h e r  (E x p e r im e n t i )  th a n  in  th e  lo w e r  te m p e ra tu re s  
(E x p e r im e n t I I ) .
TABLE 9.3 Growth Response in Seedlings of E_. decg isneana 
From Three Altitudes Grown Under Two Ranges of 
Day x Night Temperatures: High Temperature
Range in Experiment I and Low Temperature Range 
in Experiment II.
1. Mpans of all parameters were calculated from final
harvest data of 80 day old seedlings following 54 days 
under treatment. Exceptions were calculations of 
mean RGR and NAR (refer Methods).
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TABLE 9 .4  Summary o f  A n a ly s is  o f  V a r ia n c e  (Type  I I )
□ f  V a r io u s  G row th P a ra m e te rs  o f  E . d e ca isn e a n a  
S e e d lin g s  fro m  Three  A l t i t u d e s  Grown Under 
Two Ranges o f  Day x N ig h t T e m p e ra tu re s :
H igh  T e m p e ra tu re  Range in  E x p e r im e n t I  and 
Low T e m p e ra tu re  Range in  E x p e r im e n t I I .
O n ly  Mean Square  V a lu e s  G iv e n .
1 . A l l  a n a ly s is  was co n d u c te d  on f i n a l  h a rv e s t  d a ta  o f  80 day 
o ld  s e e d lin g s  fo l lo w in g  54 days o f  t r e a tm e n t .
E x c e p t io n s  w ere th e  ages o f  s e e d lin g s  used in  th e  
c a lc u la t io n  o f  mean RGR and NAR ( r e f e r  M e th o d s ).
2 . S ig n i f ic a n c e  le v e ls :  *5%, and * * * 0 .1 % .
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TABLE 9 .4  (C o n t 'd )
I .  GROWTH AND PRODUCTIVITY
S ource  o f  
V a r ia t io n DF
D ry -M a t. 
P rod .
M ____
Stem 
H e ig h t 
(mm)
Stem 
D iam . 
( mm)
DF
Mean R e la t iv e  
G row th R ate 
(g /g /w k )
A . H ig h  T e m p e ra tu re  Range
1 . P ro v . (P ) 2 4 2 .5 4 3 * * * 2 8 9 ,8 1 6 * * * 2 .4 7 5 * 2 0 .1 2 9 1 * * *
2 . Day T (D ) 2 3 .9 3 7 ( * )  4 7 ,5 1 3 * * 0 .1 2 4 2 0 .0 0 0 8
3 . N ig h t  T ( n ) 2 0 .0 4 5 1 7 ,9 1 6 * 0 .1 5 5 2 0.0071
4 .  P x D 4 0 .7 6 6 838 0 .2 9 0 4 0 .0 0 0 8
5 . P x N 4 0 .6 6 5 1 8 ,5 2 0 * 0 .1 4 8 4 0 .0 0 0 3
6 .  D x N 4 1 .700 8 ,1 1 8 0 .3 3 7 4 0 .0 0 1 4
7 . P x D x N _ _ 8 0 .0 0 2 9
8 . E r r o r 8 0 .8 9 6 3,671 0 .3 5 3 54 0 .0 0 2 2
B. Low T em pera tu re  Range
1 . P ro v . (P ) 2 1 .6 5 4 8 * * *  1 0 ,9 1 0 * * * 0 .9 9 9 * *  2 0 .2 4 3 5 * * *
2 . Temp. (T ) 7 1 .8 6 9 4 * * *  2 4 ,1 4 7 * * * 5 .8 2 1 * * *  7 0 .2 6 5 8 * * *
3 . P x T 14 0 .2 7 8 5 * * 2 ,3 5 6 * * 0 .2 4 6 ( * )  14 0 .0 0 9 8 ( * )
4 .  E r r o r 48 0 .0 8 9 5 804 0 .1 4 7 96 0 .0 0 9 6
I I .  ANALYSIS OF PRODUCTIVITY
DF
L e a f  A rea
R a t io
(s g .c m /g )
S p e c i f ic  
L e a f A rea  
( s g .c m /g )
L e a f W t. 
R a t io  
( g / g ) x io 2
DF
Mean Net 
A s s . R ate  
( a /s a c m /w k l
A. H ig h  T e m p e ra tu re  Range
1 . P ro v . ( p ) 2 1 5 ,1 9 5 * * 8 ,6 4 8 * * 0 .4 7 7 2 0 .0 1 1 1 * *
2 . Day T (D ) 2 1 ,307 1 4 ,1 6 1 ** 2 .4 7 2 2 0 .0 0 1 2
3 . N ig h t T ( n ) 2 660 2 ,8 6 0 1 .977 2 0 .0 2 9 4 * * *
4 .  P x D 4 1 ,1 4 7 1 ,722 2 .6 1 9 4 0 .0 0 3 4
5 . P x N 4 1 ,754 1 ,839 3 .7 3 4 4 0 .0 1 1 0 **
6 .  D x N 4 1 ,316 421 2 .0 8 4 4 0 .0 1 6 9 * * *
7 .  P x D x N _ _ _ 8 0 .0 1 0 7 * * *
8 . E r r o r 8 1 ,291 812 3 .5 5 2 54 0 .0 0 2 2
( u n i t )  x ( u n i t )  x ( g / g j x
DF 1 0 "2 10“ 2 102 DF
A rc s in  V a l.
B. Low T em pera tu re  Range
1 . P ro v . ( P ) 2 6 .5 2 0 1 * * * 1 7 8 .0 3 * * * 4 4 .0 9 6 7 * * *  2 0 .0 0 5 9 *
2 . Temp. ( T ) 7 0 .2 0 1 0 * * * 1 0 4 .3 4 * * * 4 .5 8 2 9 7 0 .0 2 5 4 * * *
3 . P x T 14 0.0341 1 8 .68 4 .9 2 6 6 14 0 .0 0 2 3
4 . E r r o r 48 0 .0 1 9 3 1 8 .40 3 .8824 96 0 .0 0 3 2
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TABLE 9 .4  (C o n t 'd )
I I I .  LEAF AREA AND SHOOT:ROOT RATIO
DE
T o ta l L e a f 
Area
( sg .cm )x10
S h o o t: Root 
R a tio
( a / a )
A. H igh Tem perature Range 
1. P ro v . ( p ) 2 1591* " # - * 1 3 .763**
2 . Day T (D) 2 34 4 .3 8 7 *
3 . N ig h t T IN ) 2 48 0 .738
4 . P x D 4 8 0.761
5 . P x N 4 57 0.847
6 . D x N 4 78 0 .295
7 . E r ro r 8 29 0 .917
DF ( sq.cm )
B. Low Tem perature Range
1. P ro v . ( P) 2 1 8 3 ,0 5 4 *** 0 .7897*
2 . Temp, ( t ) 7 1 31 ,9 3 5 *** 1 .80 8 1***
3 . P x T 14 2 5 .8 8 4 *** 0 .3270
4 . E r ro r 48 5 ,066 0.1781
FIGURE 9.1 Multiple Range Test of Means of Growth
Parameters of Eucalyptus decaisneana 
Seedlings Grown Under Two Ranges of Day x 
Night Temperatures: High Temperature Range 
in Experiment I and Low Temperature Range in 
Experiment II. Relative Values Given.
1. Growth parameters: Means of all growth parameters were
calculated from final harvest data of 8G day old seedlings 
fallowing 54 days of treatment. Exceptions were the 
calculations of mean RGR and NAR (refer Methods).
2. Ranking of means: In descending order from biggest
at the top to smallest at the bottom.
3. Duncan's multiple range test: Means not connected
by vertical line are significantly different at 5% level.
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11 3
a .
d . Mean Net A s s im i la t io n  R ate
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Day T e m p e ra tu re (°C )
FIGURE 9 .2  G row th  Response o f  S e e d lin g s  o f  E u c a ly p tu s  d e ca isn e a n a  
to  V a ry in g  Day and N ig h t  T e m p e ra tu re s . I .  H igh  
T e m p e ra tu re  Range (D a y /N ig h t T e m p e ra tu re  ( C ): 2 4 /1 8 -  
3 0 /2 4 ) .  S e e d lin g s  Grown fro m  Low (E L ), M id d le  (M) 
and H ig h  (ET) A l t i t u d e  S ources
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a . D ry -M a t te r  P ro d u c t io n
ls d  5°/o
b . Mean R e la t iv e  G row th R ate
6 _
V  ls d  5°/o
c .  Stem H e ig h t
ls d  5°/o
N ig h t
FIGURE 9 ,3  G row th Response o f  S e e d lin g s  o f  E u c a ly p tu s  d e ca isn e a n a  
to  ' 'a r y in g  T e m p e ra tu re s . I I .  Low T e m p e ra tu re  Range 
(D a y ^ N ig h t T e m p e ra tu re  ( ° C ) :  1 5 /1 0 -2 4 /1 8 ) .  S e e d lin g s
Grown fro m  Low (E L ) , M id d le  (EM) and H igh  (E T ) A l t i t u d e  
S ources
sq
,c
m/
g 
g/
sq
.c
m/
wk
d. Mean Net Assimilation Rate
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e. Leaf Area Ratio
Night
io
E T - - -
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P rovenance  d i f f e r e n c e s  in  g ro w th  r a t e  and d r y - m a t te r  
p ro d u c t io n  o c c u r  in  a l l  te m p e ra tu re s  e x c e p t th o s e  w i th  c o ld  n ig h t  
re g im e s  (b e lo w  1Q °C ), F ig u re  9 .3 a .  The lo w  p rovenan ce  s e e d lin g s  
(E L ) were g e n e r a l ly  th e  f a s t e s t  g ro w in g  and th e  m ost p ro d u c t iv e  a lth o u g h  
a t  th e  lo w e r  te m p e ra tu re s  th e  m id d le  a l t i t u d e  s e e d lin g s  (EM) had 
co m p a ra b le  g ro w th  r a t e  (F ig u re  9 .3 b )  and a t  2 4 /2 1 °C a ls o  co m pa rab le  
p r o d u c t i v i t y  ( F ig u r e  9 . 1 ) .
The h ig h  a l t i t u d e  s e e d lin g s  (E T ) , in  c o n t r a s t  to  th e  lo w e r  
p ro ve n a n ce s  (EL and EM), had th e  lo w e s t g ro w th  r a t e .  P r o d u t i v i t y  in  
ET was a ls o  s m a l le s t  u n d e r h ig h e r  te m p e ra tu re s  b u t s l i g h t l y  b e t t e r  
th a n  t h a t  o f  EM u n d e r lo w e r  te m p e ra tu re s ,  s i g n i f i c a n t l y  so a t  2 4 /1 8°C 
( F ig u re  9 .3 a ) .
An a l t i t u d i n a l  t r e n d  in  stem  g ro w th  was how ever le s s  c le a r .  
A lth o u g h  EM s e e d lin g s  were t a l l e s t  u n d e r h ig h e r  te m p e ra tu re s  (F ig u re  
9 .2 c )  th e y  w ere g e n e r a l ly  s l i g h t l y  s h o r te r  th a n  EL s e e d lin g s  a t  th e  
lo w e r  te m p e ra tu re s ,  s i g n i f i c a n t l y  a t  2 4 /1 8°C , F ig u re  9 .3 c .  ET s e e d l in g s ,  
in  c o n t r a s t ,  had g e n e r a l ly  th e  p o o re s t  h e ig h t  g ro w th  e x c e p t u n d e r some 
re g im e s  where stem  h e ig h t  was co m p a ra b le  w i th  t h a t  o f  o th e r  p ro v e n a n c e s f 
F o r exam p le , a t  18°C n ig h t  te m p e ra tu re  in  E x p e r im e n t I  and a t  2 4 /1 8°C 
in  E x p e r im e n t I I  F ig u re s  9 .1 ,  9 .3 c .
A t h ig h e r  te m p e ra tu re s ,  stem  d ia m e te r  between th e  lo w e r  
p ro ve n a n ce s  (EL and EM) was s im i la r  b u t dec re a se d  w i th  e le v a t io n  
(T a b le  9 . 2 ) .  The a l t i t u d i n a l  p a t te r n  was n o t m a in ta in e d  a t  lo w e r  
te m p e ra tu re s  where d ia m e te r  was s m a l le s t  in  th e  m id d le  a l t i t u d e  
p rovenan ce  (E M ).
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( b ) A n a ly s is  o f  P r o d u c t iv i t y
A l t i t u d i n a l  d i f f e r e n c e s  in  n e t a s s im i la t io n  r a te  (NAR) and 
l e a f  a re a  r a t i o  (LAR) were n o t g e n e r a l ly  c l i n a l ,  e x c e p t f o r  LAR a t  
th e  h ig h e r  te m p e ra tu re s  (E x p e r im e n t i ) .  I t  can how ever be shown t h a t  
a l t i t u d i n a l  v a r ia t io n s  in  g ro w th  r a t e  were p r im a r i l y  a f u n c t io n  o f  
v a r ia t io n s  in  th e  p h o to s y n th e t ic  system  as in d ic a te d  by LAR.
T h is  r e la t io n s h ip  was c le a r  a t  th e  h ig h e r  te m p e ra tu re s .  F o r exam ple  
EL, d e s p ite  i t s  h ig h  p r o d u c t i v i t y  had a lo w  NAR e s p e c ia l ly  a t  th e  18°C 
n ig h t  te m p e ra tu re s  (F ig u re s  9 .1 ,  9 .2 d ) .  T h is  was how ever o f f s e t  by 
a h ig h  LAR v a lu e  (F ig u re  9 .2 e ) .  I n t e r e s t i n g l y ,  NAR and LAR o f  th e  
u p p e r p ro ve n a n ce s  (EM and ET) were g e n e r a l ly  c o m p a ra b le . H ow ever, 
th e  g r e a te r  g ro w th  r a te  in  EM may be a t t r ib u t e d  to  g e r a te r  NAR 
u n d e r c e r t a in  te m p e ra tu re s  -  m a in ly ,  warm days and c o o l n ig h t  
( 2 7 / l8 ° C  and 3 0 / l8 ° C ) ,  F ig u re  9 .1 .
A t lo w e r  te m p e ra tu re s  (E x p e r im e n t I I ) ,  th e  lo w  g ro w th  r a te  
in  th e  to p  p rovenan ce  (E T ) was m a in ly  due to  i t s  r e l a t i v e l y  s m a ll 
LAR (F ig u re  9 .3 e )  w h ich  la r g e ly  o f f s e t  i t s  g e n e r a l ly  h ig h  NAR v a lu e  
(F ig u re  9 .3 d ) .  D i f fe r e n c e s  in  g ro w th  r a te  between th e  lo w e r  
p ro ve n a n ce s  (EL and EM) w ere how ever due p r im a r i l y  to  th e  s l i g h t  
d i f f e r e n c e s  in  NAR.
( c ) A n a ly s is  o f  th e  P h o to s y n th e t ic  System
A l t i t u d i n a l  v a r ia t io n s  in  th e  p h o to s y n th e t ic  sys te m , (a s  
in d ic a te d  by LAR) was m a in ly  d e te rm in e d  by v a r ia t io n s  in  s p e c i f i c  l e a f  
a re a  (S L A ). F o r exa m p le , th e  r e l a t i v e l y  lo w  LAR in  ET (F ig u re s  9 .2 e , 
9 .3 c )  was due to  lo w  SLA, s in c e  i t s  l e a f  w e ig h t r a t i o  (LWR) was e i t h e r
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s im i l a r  t o  (E x p e r im e n t i )  o r  s i g n i f i c a n t l y  g r e a te r  th a n  (E x p e r im e n t I I ) 
LWR's o f  th e  lo w e r  p ro ve n a n ce s  (EL and EM), T a b le  9 .1 .
L e a f a re a  d e c re a se d  w ith  e le v a l t io n  b e in g  g r e a te s t  in  th e  
lo w  a l t i t u d e  p rovenan ce  (E L ) ,  e s p e c ia l ly  u n d e r re g im e s  w i th  n ig h t  
te m p e ra tu re s  warm er th a n  15°C (F ig u re  9 . 1 ) .
(d ) S h o o t:R o o t R a t io
A t warm er te m p e ra tu re s ,  r e l a t i v e  s h o o t g ro w th  was s m a lle r  
in  th e  to p  p rovenan ce  (E T ) th a n  in  lo w e r  p ro ve n a n ce s  (EL and EM)
(T a b le  9 . 3 ) .  The a l t i t u d i n a l  c l i n e  was n o t m a in ta in e d  a t  lo w e r  
te m p e ra tu re s  where EM had s i g n i f i c a n t l y  lo w e r  s h o o t : r o o t  r a t i o  
th a n  th e  o th e r  p ro ve n a n ce s  (EL and ET) .
( e ) Summary
1 . G row th and P r o d u c t i v i t y
G row th and p r o d u c t i v i t y  in  E . d e ca isn e a n a  g e n e r a l ly  dec re a se d  
w i t h  e le v a t io n .  The t r e n d  was how ever more m arked in  d r y - m a t te r  
p ro d u c t io n  and g ro w th  r a t e  th a n  in  stem  g ro w th .  I t  was a ls o  more 
m arked a t  th e  h ig h e r  th a n  a t  th e  lo w e r  te m p e ra tu re s .
2 . A n a ly s is  o f  P r o d u c t i v i t y
A l t i t u d i n a l  v a r ia t io n s  in  p r o d u c t i v i t y  in  E . d e ca isn e a n a  
was m a in ly  due to  v a r ia t io n s  in  th e  p h o to s y n th e t ic  sys tem  ( in d ic a te d  
by LAR) and t o  a le s s e r  e x te n t  due to  v a r ia t io n s  in  NAR.
3 .  A n a ly s is  o f  th e  P h o to s y n th e t ic  System
( i )  A l t i t u d i n a l  v a r ia t io n s  in  th e  p h o to s y n th e t ic  sys tem  
(LAR) in  E . d e ca isn e a n a  w ere p r im a r i l y  d e te rm in e d  by v a r ia t io n s  in  SLA.
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( i i )  L e a f a re a  dec re a se d  w i th  e le v a t io n .  The t re n d  was 
more marked a t  h ig h e r  th a n  a t  lo w e r  te m p e ra tu re s .
4 .  S hoo t R oot R a t io
R e la t iv e  s h o o t g ro w th  u n d e r warm er te m p e ra tu re s  was g r e a te r  
a t  lo w e r  th a n  a t  u p p e r e le v a t io n s .  There  was no a l t i t u d i n a l  t re n d  
a t  th e  lo w e r  te m p e ra tu re s .
9 .3 .3  T e m p e ra tu re  D if fe r e n c e s  
( a ) G row th  and P r o d u c t i v i t y
In  th e  h ig h e r  te m p e ra tu re  ra n g e  (E x p e r im e n t i ) ,  d r y - m a t te r  
p ro d u c t io n  was optim um  a t  th e  27°C day te m p e ra tu re  and re d u ce d  s i g n i f i ­
c a n t ly  a t  30°C (T a b le  9 . 3 ) .  P r o d u c t iv i t y  was n o t s i g n i f i c a n t l y  
a f fe c te d  by n ig h t  te m p e ra tu re s  a lth o u g h  th e  lo w e r  p rovenan ces  (EL and 
EM) te n d e d  to  grow  b e t t e r  u n d e r warm er n ig h t  (2 1 °C ) th a n  th e  to p  
p rovenan ce  (1 8 °C ) .
In  th e  lo w e r  te m p e ra tu re  ra n g e  (E x p e r im e n t I I ) p r o d u c t i v i t y  
was g e n e r a l ly  h ig h  u n d e r th e  re g im e s  common to  b o th  e x p e r im e n ts  
(2 4 /1 8  and 2 4 /2 1 °C ) and low  u n d e r th e  c o ld e r  re g im e s , p a r t i c u l a r l y  
th o s e  w i th  c o ld  n ig h ts  (1 5  and 1 0 °C ). EL and ET grew  b e s t a t  2 4 /1 8°C 
w hereas EM grew  b e s t u n d e r a warm er n ig h t  te m p e ra tu re  (2 4 /2 1 ° C ) ,
F ig u re  9 .3 a .  F u r th e r ,  th e  te m p e ra tu re  range  f o r  h ig h  d r y - m a t te r  
p ro d u c t io n  was r e l a t i v e l y  w id e  f o r  EM (F ig u re  9 . 1 ) .
R e s u lts  fro m  th e  m u l t ip le  re g re s s io n  a n a ly s is  s u g g e s t t h a t  
day te m p e ra tu re  was more im p o r ta n t  th a n  n ig h t  te m p e ra tu re  in  in f lu e n c in g  
d r y - m a t te r  p ro d u c t io n  in  th e  lo w e r  te m p e ra tu re  ra n g e  te s te d  (E x p e r im e n t 
i ) .  The s ta n d a rd  p a r t i a l  re g re s s io n  c o e f f i c i e n t s  f o r  day and n ig h t
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temperature were 0.4409 and 0.3120 respectively. Day (D) and night 
(f\l) temperatures were well correlated (R = 0.68?) with plant dry 
weight (w) in the regression equation, W = 0.887D + 0.0439N - 1.7711.
Growth rate was less affected by temperature variation 
than dry-matter production (Table 9.2b), especially at the higher 
temperatures (Experiment i) where no significant variation 
occurred. This pattern was also generally evident in the warmer 
regimes (above 21/10°C) of the low temperature range (Experiment II).
Height growth was highly responsive to temperature 
variation in contrast to growth rate and dry-matter production.
At the higher temperatures, height increased significantly with day 
temperature increase (24 to 30°C), Table 9.3. As with dry-matter 
production, height growth was not significantly affected by night 
temperature except for the sensitivity of EL to cool night temperature 
(18°C), Figure 9.1. At the lower temperatures height growth was 
generally best in the warmer regimes (21/18°C and above) where EM 
showed better growth under warmer temperature (24/21°C) than the 
other provenances (24/l8°C), Figure 9.3c. Interestingly, height 
growth in EL was depressed under the warmest temperature (24/21°C).
Diameter growth showed similar temperature response to 
growth rate with little change over the higher temperature ranges 
(Experiment i) and warmer treatments of Experiment II.
(b) Analysis of Productivity
Photosynthetic efficiency (as indicated by NAR) was highly 
variable in the higher temperature range (Experiment i). Provenance x
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day x n ig h t  i n t e r a c t io n  was s i g n i f i c a n t  a t  0.1% le v e l ,  T a b le  9 .4 .
EL was m ost e f f i c i e n t  u n d e r warm er te m p e ra tu re s  [2 7  and 30°C day 
x 21 and 24°C n ig h t  te m p e ra tu re s ) ,  EM u n d e r warm er days and c o ld  
n ig h t  [2 7  and 30°C day x 18°C n ig h t )  and ET u n d e r c o o le r  te m p e ra tu re s  
[24°C  day x 18 and 21°C n i g h t ) .  A t th e  lo w e r  te m p e ra tu re s  [E x p e r im e n t 
I I ) th e  p ro ve n a n ce s  were more e f f i c i e n t  u n d e r day te m p e ra tu re s  warm er 
th a n  18°C -  e s p e c ia l ly  a t  2 1 /1 0 , 2 1 /1 8  and 2 4 /1 8°C [ f i g u r e  9 . 1 ) .
T e m p e ra tu re  re sp o n se  o f  LAR g e n e r a l ly  p a r a l le le d  th e  re sp o n se  
f o r  g ro w th  r a t e .  F o r e xam p le , in  th e  h ig h e r  te m p e ra tu re  range  
th e re  was no v a r ia t i o n  in  LAR, T a b le  9 .3 .  A t  th e  lo w e r  te m p e ra tu re s ,  
te m p e ra tu re  re g im e s  maximum f o r  g ro w th  r a te  a ls o  p roduced  maximum 
LAR -  m a in ly ,  2 1 /1 8 , 2 4 /1 8  and 2 4 /2 1 °C . LAR was le s s  re s p o n s iv e  
to  te m p e ra tu re  changes th a n  NAR.
B o th  NAR and LAR were g e n e r a l ly  i n f l u e n t i a l  in  d e te rm in in g  
g ro w th  r a t e  in  th e  h ig h e r  te m p e ra tu re  ra n g e  [E x p e r im e n t i ) .  The 
d i f f e r e n c e  in  g ro w th  r a t e  between 2 4 /1 8  and 2 4 /2 1 °C f o r  e xa m p le , was 
due to  th e  in c re a s e  in  NAR and LAR [T a b le  9 . 4 ) .  G row th r a te  was 
s i m i l a r l y  d e te rm in e d  in  th e  warm er re g im e s  o f  th e  lo w  te m p e ra tu re  
e x p e r im e n t.  H ow ever, in  th e  c o ld e r  re g im e s , NAR appea red  more 
i n f l u e n t i a l .  f o r  in s ta n c e ,  th e  in c re a s e  in  g ro w th  r a te  between 
1 8 /1 0  and 18 /18 °C  [F ig u r e  9 .3 b )  was due to  and in c re a s e  in  NAR 
[F ig u r e  9 .3 d )  w h ich  o f f s e t  a d e c re a se  in  LAR [F ig u r e  9 .3 e ) .
[ c ) A n a ly s is  o f  th e  P h o to s y n th e t ic  System
V a r ia t io n s ,  w i t h  te m p e ra tu re ,  in  th e  p h o to s y n th e t ic  sys tem  
[a s  in d ic a te d  by LAR) was due to  v a r ia t io n s  in  b o th  SLA and LWR.
F o r exam p le , th e  change in  LAR between 3 0 /1 8  and 3 0 /2 1 °C in  th e  h ig h e r
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te m p e ra tu re  ra n g e  (E x p e r im e n t i )  and between 2 4 /1 8  and 2 4 /2 1 °C a t  
th e  lo w e r  te m p e ra tu re s  (E x p e r im e n t I I ) was due to  an in c re a s e  in  b o th  
SLA and LWR (T a b le  9 . 3 ) .
(d ) S hoo t .‘ R oot R a t io
D is t r i b u t io n  o f  d r y  m a t te r  to  th e  s h o o t system  was g e n e r a l ly  
fa v o u re d  by an in c re a s e  in  te m p e ra tu re . A t warm er te m p e ra tu re s  
(E x p e r im e n t i ) ,  th e  e le v a t io n  in  day te m p e ra tu re  from  24 to  3G°C 
in c re a s e d  r e la t i v e  s h o o t w e ig h t s i g n i f i c a n t l y  (T a b le  9 . 3 ) .  A t th e  
lo w e r  te m p e ra tu re s  (E x p e r im e n t I I ) r e l a t i v e  s h o o t w e ig h t was g r e a te r  
in  th e  warm er re g im e s  th a n  in  th e  c o ld e r  re g im e s  (F ig u re  9 . 1 ) .
( e ) Summary
( i )  G row th and P r o d u c t i v i t y
D ry -m a t te r  p ro d u c t io n  was optim um  a t  27°C day te m p e ra tu re  
in  c o m b in a t io n  w ith  18 -24°C  n ig h t  te m p e ra tu re s .  G e n e ra lly  day 
te m p e ra tu re  v a r ia t io n s  w ere more i n f l u e n t i a l  on d r y - m a t te r  p ro d u c t io n  
th a n  n ig h t  te m p e ra tu re  v a r ia t i o n s .
G row th and p r o d u c t i v i t y  were g e n e r a l ly  p rom oted  by w arm er 
te m p e ra tu re s  w i th  n ig h t  re g im e s  above 10 to  15°C w i t h in  th e  ra n g e  
o f  te m p e ra tu re s  te s te d  (1 5 /1 0  to  3 0 /2 4 ° C ) .
( i i )  A n a ly s is  o f  P r o d u c t i v i t y
T he re  were la r g e  in t r a s p e c ie s  d i f f e r e n c e s  in  NAR re sp o n se  
to  te m p e ra tu re  v a r ia t io n s  a t  th e  h ig h e r  te m p e ra tu re s  ( E x p e r im e n t I ) 
b u t n o t a t  th e  lo w e r  te m p e ra tu re s  (E x p e r im e n t I I ) .  In  c o n t r a s t ,
LAR e x h ib i te d  l i t t l e  re sp o n s e  to  te m p e ra tu re  cha n g e s .
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V a r ia t io n s  in  g ro w th  r a t e  w i th  te m p e ra tu re  w ere g e n e r a l ly  
d e te rm in e d  by v a r ia t io n s  in  b o th  NAR and LAR. H ow ever, un d e r 
c o ld e r  re g im e s  a t  th e  lo w e r  te m p e ra tu re s  (E x p e r im e n t I I ) NAR 
appea red  more i n f l u e n t i a l .
( i i i )  A n a ly s is  o f  th e  P h o to s y n th e t ic  System
V a r ia t io n s  in  LAR (a  m easure o f  th e  p h o to s y n th e t ic  s ys te m ) 
was g e n e r a l ly  d e te rm in e d  by v a r ia t io n s  in  b o th  SLA and LWR.
( i v ) S h o o t: R oot R a t io
The p r o p o r t io n  o f  d r y  m a t te r  d is t r ib u t e d  to  th e  s h o o t 
sys tem  g e n e r a l ly  in c re a s e d  w i th  th e  in c re a s e  in  te m p e ra tu re .
9 .4  DISCUSSION
D if fe r e n c e s  in  g ro w th  p e rfo rm a n ce  in  s e e d lin g s  grow n un d e r 
common te m p e ra tu re  re g im e s  (2 1 /1 8  and 2 4 /2 1 °C ) between th e  h ig h  and 
lo w  te m p e ra tu re  e x p e r im e n ts  (E x p e r im e n ts  I  and I I  r e s p e c t iv e ly )  
has a lre a d y  been n o te d  (S e c t io n  9 .3 .1 )  and a s c r ib e d  to  th e  p o s s ib le  
v a r ia t i o n  in  d a y l ig h t  i n t e n s i t y .  The r e s u l t s  o f  th e  s tu d y  a re  
t h e r e fo r e  t e n t a t i v e  and s u b je c t  to  c o n f i r m a t io n s  by f u r t h e r  
i n v e s t ig a t io n s .
The e x is te n c e  o f  in t r a s p e c ie s  d i f f e r e n t i a t i o n  w i t h in  
E . d e c a is n e a n a , th e  r o le  o f  te m p e ra tu re  in  d e te rm in in g  in t r a s p e c ie s  
d i s t r i b u t i o n  and th e  a p p l ic a t io n  o f  r e s u l t s  o f  s tu d y  a re  d is c u s s e d .
9 .4 .1  I n t r a s p e c ie s  D i f f e r e n t i a t i o n  in  E . d e ca isn e a n a
I t  i s  c le a r  fro m  th e  e x p e r im e n t t h a t  in t r a s p e c ie s  d i f f e r e n c e s  
o c c u r  w i t h in  E . d e c a is n e a n a . T h is  is  e v id e n t  fro m  th e  s i g n i f i c a n t  
p rovenan ce  d i f f e r e n c e s  in  n e a r ly  a l l  th e  p a ra m e te rs  m easured (T a b le  9 . 4 ) .
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G row th r a te  and d r y - m a t te r  p ro d u c t io n  e x h ib i te d  a s i g n i f i c a n t  
r e d u c t io n  w i th  e le v a t io n  o f  p rovenan ce  -  a p a t te r n  g e n e r a l ly  
a s s o c ia te d  w ith  h ig h la n d  v e g e ta t io n  in  th e  t r o p ic s  ( e . g .  Brown,
1 9 1 9 ). The s t ro n g  a l t i t u d i n a l  c l i n e  in  p r o d u c t i v i t y  may be due to  
th e  lo n g  te rm  c o n d i t io n in g  o f  lo c a l  a m b ie n t a i r  te m p e ra tu re  on 
g ro w th  r a t e .  P la n ts  g ro w in g  a t  h ig h e r  e le v a t io n s  a re  n o rm a lly  s u b je c te d  
t o  lo n g e r  p r io d s  o f  s u b -o p t im a l te m p e ra tu re s  f o r  m e ta b o lic  a c t i v i t y  
( e . g .  G a te s , 1 9 6 9 ), in  c o n t r a s t  to  th o s e  g ro w in g  a t  lo w e r  e le v a t io n s .
In  consequ ence , th e  r e d u c t io n  in  g ro w th  r a te  w i th  e le v a t io n  
u s u a l ly  o c c u rs  among h ig h la n d  s p e c ie s  (W adsw orth  and B o n n e t, 1 9 5 1 ).
I n t e r e s t in g ly ,  a l l  p ro ve n a n ce s  g rew  b e s t a t  th e  same te m p e ra tu re s  
and th e re  was no e v id e n c e  o f  th e  h ig h e r  p rovenan ce  (E T ) r e q u i r in g  lo w e r  
te m p e ra tu re  f o r  optim um  g ro w th .  The optim um  te m p e ra tu re  ( i . e . ,  2 4 /1 8  
to  3 0 /2 4 °C ) p ro b a b ly  o c c u r  a t  a l l  s o u rc e  e le v a t io n s  (se e  A p p e n d ix  I V ) .  
N e v e r th e le s s  th e  s e a s o n a l d u r a t io n  o f  t h i s  o p t im a l te m p e ra tu re  
ra n g e  p ro b a b ly  dec re a se d  w i th  a l t i t u d e .
I t  may how ever be n o te d  t h a t  te m p e ra tu re  may n o t  be th e  
o n ly  f a c t o r  d e te rm in in g  g ro w th  r a t e  o f  a l t i t u d i n a l  s p e c ie s .  I t s  
e f f e c t s ,  a lth o u g h  b a s ic ,  may be i n d i r e c t  o r  m o d if ie d  by a la r g e  
number o f  o th e r  e n v iro n m e n ta l f a c to r s  in c lu d in g  l i g h t  i n t e n s i t y ,  fo g  
and s o i l  n u t r ie n t  ( e . g .  G rubb, 1 9 7 1 ).
The p la n t  f a c to r s  c o n t r o l l i n g  g ro w th  r a te  and p r o d u c t i v i t y  
v a ry  a c c o rd in g  to  a l t i t u d e  and te m p e ra tu re .  F o r e xam p le , a t  h ig h e r  
te m p e ra tu re s  (E x p e r im e n t i ) ,  th e  h ig h  g ro w th  r a te  o f  EL was due 
p r im a r i l y  t o  i t s  h ig h  LAB (F ig u re s  9 .2 b ,  e ) .  S im i l a r l y ,  th e  lo w  
g ro w th  r a te  in  ET a t  th e  lo w e r  te m p e ra tu re s  (E x p e r im e n t I I ) was due
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to  a s m a ll LAR (F ig u re s  9 .3 b ,  e ) .  In  c o n t r a s t ,  a t  th e  lo w e r  
te m p e ra tu re s  d i f f e r e n c e s  in  NAR appea red  im p o r ta n t  in  d e te rm in in g  th e  
g ro w th  r a te  d i f f e r e n c e s  between th e  lo w e r  p ro ve n a n ce s  (EL and EM).
A n o th e r  exam ple o f  in t r a s p e c ie s  d i f f e r e n t i a t i o n  was th e  
h ig h e r  p h o to s y n th e t ic  e f f i c ie n c y  (a s  in d ic a te d  by NAR) o f  th e  
h ig h  a l t i t u d e  p rovenan ce  (E T ) , e s p e c ia l ly  a t  th e  lo w e r  te m p e ra tu re s  
(E x p e r im e n t I I ) .  U nder c o ld e r  re g im e s  e f f i c i e n c y  in  e n e rg y  
u t i l i s a t i o n  appea red  im p o r ta n t  in  d e te rm in in g  g ro w th  r a te  (S e c t io n  
9 . 3 . 3 b ) .  S in c e  te m p e ra tu re s  o f  t h i s  o rd e r  a re  g e n e r a l ly  a s s o c ia te d  
w i th  h ig h e r  e le v a t io n s  th e  p h o to s y n th e t ic  e f f i c ie n c y  in  ET may in d ic a te  
a d a p ta t io n  t o  th e s e  e le v a t io n s .  H ig h  a l t i t u d e  e c o ty p e s  a re  known f o r  
t h e i r  e f f i c ie n c y  in  e n e rg y  u t i l i s a t i o n  e s p e c ia l ly  u n d e r c o n d i t io n s  o f  w ide  
te m p e ra tu re  f lu c t u a t io n s  ( e . g .  W r ig h t ,  1 9 7 1 ).
9 .4 .2  In t r a s p e c ie s  D i s t r i b u t i o n  in  E . d e ca isn e a n a
The E. d e ca isn e a n a  f o r e s t  o f  T im o r is  a f i r e  s u b -c l im a x ,  
(A p p e n d ix  IV )  w i th  f i r e  b e in g  th e  p r im a ry  d e te rm in a n t o f  n a tu r a l  
d i s t r i b u t  i j . ' . . O th e r  e n v iro n m e n ta l f a c to r s  may how ever be im p o r ta n t .
The p o s s ib le  r o le  o f  te m p e ra tu re  in  d e te rm in in g  th e  in t r a s p e c ie s  
d i s t r i b u t i o n  o f  E. d e c a is n e a n a  i s  exam ined h e re .
The absence o f  d i f f e r e n t  te m p e ra tu re  o p tim a  f o r  th e  
d i f f e r e n t  a l t i t u d i n a l  p ro ve n a n ce s  w ou ld  s u g g e s t th e  p ro ve n a n ce s  may 
p o t e n t i a l l y  c o -o c c u r  o v e r  a w id e  ra n g e  o f  a l t i t u d e s .  Thus th e  
p re se n ce  o f  a l t i t u d i n a l  s e g re g a t io n  in  E . d e ca isn e a n a  in d ic a te s  t h a t  
te m p e ra tu re  a lone  may n o t  be d i r e c t l y  im p o r ta n t  in  d e te rm in in g  i n t r a ­
s p e c ie s  d i s t r i b u t i o n  o f  th e  s p e c ie s .  I t  i s  p ro b a b le  t h a t  th e  lo w e r  
l i m i t s  o f  d i s t r i b u t i o n  o f  th e  u p p e r p ro ve n a n ce s  (EM and ET) a re
126
d e te rm in e d  by g ro w th  r a t e .  F o r exam p le , th e  u p p e r p ro ve n a n ce s , w i th  
a s lo w e r  g ro w th  r a t e ,  may be a t  a c o m p e t i t iv e  d is a d v a n ta g e  i f  grown 
a t  lo w e r  e le v a t io n s  w i th  f a s t e r  g ro w in g  lo w e r  p ro v e n a n c e s . The 
p o s s i b i l i t y  o f  p la n t  c o m p e t i t io n  in  d e te rm in in g  th e  lo w e r  l i m i t  o f  
t r o o i c a l  h ig h la n d  v e g e ta t io n  has been sug g e s te d  by G rubb (1971 ) .
I t  s h o u ld  be n o te d  how eve r, t h a t  th e s e  s u g g e s t io n s  a re  based 
on s e e d lin g  m a te r ia ls .  The f a c to r s  c o n t r o l l i n g  d i s t r i b u t i o n  may be 
e n t i r e l y  d i f f e r e n t .  F o r exam p le , te m p e ra tu re  may have no a p p a re n t 
e f f e c t  on th e  v e g e ta t iv e  g ro w th  o f  s e e d lin g s  b u t can have a r o le  in  
d e l im i t in g  s p e c ie s  th ro u g h  an a d ve rse  in f lu e n c e  on r e p ro d u c t io n  
(van  S te e n is ,  1 9 7 1 ).
9 .4 .3  A p p l ic a t io n  o f  th e  R e s u lts  o f  S tu d y
E v id e n ce  on th e  e x is te n c e  o f  a l t i t u d i n a l  e c o ty p e s  in  E . 
d e ca isn e a n a  as  a p p a re n t fro m  th e  s tu d y  can be c o n s id e re d  s t r o n g .
In  p a r t i c u la r  th e  low  p rove n a n ce  (E L ) c o n s is t e n t ly  e x h ib i te d  th e  b e s t 
g ro w th  p e rfo rm a n ce  o v e r  th e  w ide  ra n g e  o f  te m p e ra tu re s  (1 5 /1 0  to  
3 0 /2 4 ° C ) .  I t  i s  th u s  u n d o u b te d ly  th e  m ost s u i t a b le  c h o ic e  f o r  a 
p la n ta t io n  scheme, e s p e c ia l ly  in  v ie w  o f  i t s  r e l a t i v e l y  h ig h  g ro w th  
r a te  and p r o d u c t i v i t y .
W hether th e  optim um  te m p e ra tu re  ra n g e  su g g e s te d  by th e  s tu d y  
has any f i e l d  re le v a n c e  i s  s u s p e c t .  I t  can be re a s o n a b ly  su g g e s te d  
t h a t  th e  p rovenan ces  p e r fo rm  b e t t e r  u n d e r warm er th a n  u n d e r c o o le r  
te m p e ra tu re s .  The c o n s e rv a t iv e  e s t im a te  o f  24 -27°C  day te m p e ra tu re s  
(m axim a) and 18-24°C  n ig h t  (m in im a ) may be c o n s id e re d  th e  optim um  
ra n g e  f o r  f i e l d  p r o je c t io n .
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I t  i s  how ever n o t p o s s ib le  t o  d e te rm in e  th e  u p p e r a l t i t u d i n a l  
l i m i t  f o r  good g ro w th .  The e s t im a te d  c r i t i c a l  lo w  te m p e ra tu re  f o r  
good g ro w th  ( i . e .  15°C n ig h t  te m p e ra tu re )  may s u g g e s t an u p p e r 
l i m i t  o f  15G0m w h ich  l i e s  w i t h in  th e  Low er M ontane R a in  F o re s t  z o n e . 
C o n s id e r in g  th e  p o s s ib le  in t e r a c t io n  o f  o th e r  im p o r ta n t  e n v iro n m e n ta l 
f a c to r s  on g ro w th , such a p r o je c t io n  c a n n o t be made w ith  c e r t a in t y  
w i th o u t  f u r t h e r  in v e s t ig a t io n s .
A n o th e r a re a  o f  a p p l ic a t io n  i s  in  t r e e  im p ro ve m e n t. A 
f a s t  g ro w th  r a t e  and co n se q u e n t h ig h  d r y - m a t te r  p ro d u c t io n  a re  
d e s ir a b le  c h a ra c te rs  t h a t  a re  n o rm a lly  ta rg e te d  in  m ost b re e d in g  
program m es. In  E . d e c e is n e a n a  a f a s t  g ro w th  r a te  i s  c o n s id e re d  
n e c e s s a ry  to  m a in ta in  i t s  s u c c e s s io n a l s ta tu s  in  th e  fa c e  o f  
c o m p e t i t io n  from  d is p la c e d  r a in - f o r e s t  s p e c ie s .  T h is  i s  a ls o  an 
im p o r ta n t  c o n s id e r a t io n  in  th e  e n r ic h m e n t p la n t in g s  o f  n a tu r a l  s ta n d s . 
I t  was a p p a re n t from  th e  s tu d y  t h a t  a t  lo w e r  e le v a t io n s  th e  
p h o to s y n th e t ic  system  was c o n s id e re d  th e  m a jo r d e te rm in e r  o f  g ro w th  
r a t e .  C o n s e q u e n tly , in  b re e d in g  f o r  a f a s t  g ro w th  r a t e ,  th e  
im provem en t o f  th e  p h o to s y n th e t ic  sys tem  s h o u ld  be g iv e n  m a jo r
im p o r ta n c e .
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CHAPTER 10
THE EFFECTS OF DAY AND NIGHT TEMPERATURE ON GROWTH OF 
SEEDLINGS DF PINUS OOCARPA SCHIEDE VAR OCHOTERENAI 
AND PINUS CARIBAEA VAR HONDURENSIS B AND G
10.1 INTRODUCTION
Pinus oocarpa Schiede is a very variable and wide-ranging 
species occurring from N-W Mexico in the north to Nicaragua in the 
south (Mirov, 1967; see Figure IVb in Appendix IV). The variety 
ochoterenai occurs in the southern part of the distribution including 
south Mexico and British Honduras.
Altitudinally, P. oocarpa ranges from about 300m to 2400m 
altitude. The species is therefore subjected to a wide difference 
of mean ambient temperature, estimated at c.10°C using the universal 
temperature lapse rate of -0.5°C/+100m altitude (Section 3.4.1).
The object of this experiment is to investigate whether 
intraspecies differences in growth performance due to altitude occur 
in seedlings of P. oocarpa when treated to a wide range of temperatures. 
For this purpose the variety ochoterenai was chosen and seed sources 
covering a wide altitudinal range were used. A seed source of 
Pinus caribaea var. hondurensis B and G from Nicaragua was also 
included in the experiment to complement the altitudinal range o^ 
the Oocarpa series (see Section 8.2).
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1 0 .2  MATERIALS AND METHODS
The e x p e r im e n ts  were co n d u c te d  a t  CERES p h y to t ro n  from  
seed m a te r ia ls  s u p p lie d  by th e  F o re s t  R esearch  I n s t i t u t e  in  
C a n b e rra . The seed l o t  numbers were S8557, S9596, S9713 and S8512.
F ou r a l t i t u d i n a l  seed s o u rc e s  were u se d . One o f  P. 
c a r ib a e a  v a r .  h o n d u re n s is  (PC) from  160m and th re e  o f  P . o o c a rp a :
Low a l t i t u d e  p rovenan ce  (POL) from  380m, m id d le  a l t i t u d e  p rovenan ce  
(POM) from  10 0 0 -1 300m and h ig h  a l t i t u d e  p rovenan ce  (POT) from  
1770m e le v a t io n .  D e ta i le d  o r ig in  o f  th e  seed s o u rc e s  had a lre a d y  
been g iv e n  (see  S e c t io n  8 .2  and T a b le  8 . 1 ) .
The e x p e r im e n ts  co n d u c te d  w ere i d e n t i c a l  w i th  th o s e  
f o r  th e  E u c a ly p tu s  s e r ie s  (S e c t io n  8 . 4 ,  T a b le  8 . 2 ) .  The t r e a t ­
m ents were th e r e fo r e  th e  same ( r e f e r  S e c t io n  9 . 2 ) .  B r i e f l y ,  in  
E x p e r im e n t I ,  n in e  te m p e ra tu re  c o m b in a t io n s  o f  th re e  day (2 4 ° ,  27 ° 
and 30°C ) and th re e  n ig h t  ( 1 8 ° ,  21 ° and 24°C ) te m p e ra tu re s  were 
u se d . The seed s o u rc e s  used were PC, POM and POT. In  E x p e r im e n t 
I I ,  n in e  te m p e ra tu re  re g im e s  w ere used -  1 5 /1 0 , 1 8 /1 0 , 1 8 /1 5 , 1 8 /1 8 , 
2 1 /1 0 , 2 1 /1 5 , 2 1 /1 8 , 2 4 /1 8  and 2 4 /2 1 °C . O n ly  tw o seed s o u rc e s  
w ere how ever used; POL and POT. PC was e x c lu d e d  due to  re p e a te d  
g e rm in a t io n  f a i l u r e s .  S u p p ly  o f  POM was e xh a u s te d  and was d u ly  
re p la c e d  w ith  POL fro m  th e  same a re a  o f  o r ig in  as POM b u t o f  lo w e r  
a l t i t u d e  (T a b le  8 . 2 ) .
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Both  e x p e r im e n ts  were co n d u c te d  in  *C* c a b in e ts .  The 
g ro w th  c o n d i t io n s  in  th e s e  c a b in e ts  and r o u t in e  m a in tenan ce  a re  
o u t l in e d  in  S e c t io n s  8 .3  and 8 . 8 . 4 .
I t  was r a t h e r  d i f f i c u l t  t o  d e te rm in e  w h e th e r th e  
te m p e ra tu re  re g im e s  o f  b o th  e x p e r im e n ts  a d e q u a te ly  co ve re d  th e  
n a tu r a l  te m p e ra tu re  ra n g e  o f  th e  so u rc e  a l t i t u d e s .  M e te o ro lo g ic a l 
d a ta  o b ta in e d  were f ra g m e n ta ry .  The d e te rm in a t io n  o f  th e  te m p e ra tu re  
re g im e s  used was th u s  m a in ly  by p r o je c t io n s .  The a lig n m e n t o f  
te m p e ra tu re  t re a tm e n ts  f o r  b o th  E u c a ly p tu s  and O ocarpa s e r ie s  was 
n e c e s s a ry  due to  th e  s h a r in g  o f  e x p e r im e n ta l sp a ce .
S e e d lin g  m a te r ia ls  used w ere e s ta b l is h e d  and g raded  a c c o rd in g  
to  th e  s ta n d a rd is e d  p ro c e d u re s  o u t l in e d  in  S e c t io n  8 .8 .2  and 8 . 8 . 3 .  
T h e ir  ages v a r ie d  between 28 to  31 days a t  th e  commencement o f  
t r e a tm e n t .
The h a r v e s t in g  s c h e d u le  and c o r re s p o n d in g  a ve ra g e  ages o f  
s e e d lin g s  a re  shown in  T a b le  1 0 .1 .  The d a te s  o f  commencement o f  
t re a tm e n ts  v a r ie d  betw een 1 to  5 days due to  v a r ia t io n  in  g e rm in a t io n  
t im e s .  In  g e n e ra l,  th e  t r e a tm e n t  la s te d  131 d a y s . The a ve ra g e  
d a te s  f o r  th e  b u lk  o f  th e  e x p e r im e n t were 1 7 /2 /7 1  t o  1 0 /5 /7 1  in  
E x p e r im e n t I  and 2 3 /6 /7 4  to  3 0 /9 /7 4  in  E x p e r im e n t I I .
T here  w ere d i f f e r e n c e s  in  h a r v e s t in g  s c h e d u le  in  E x p e r im e n t 
I  due to  d i f f e r e n c e s  in  g ro w th  r a te  between PC and o o ca rp a  s e e d lin g s  
(T a b le  1 0 . 1 ) .  The T re a tm e n t d u r a t io n  o f  th e  PC s e e d lin g s  was 
te rm in a te d  e a r l i e r  on th e  1 0 1 s t.  day ow ing  to  t h e i r  f a s t  g ro w th  r a t e s .  
No h a rv e s t  was made o f  o o ca rp a  s e e d lin g s  on th e  t h i r d  h a rv e s t  s c h e d u le  
s in c e  g ro w th  in c re m e n t was c o n s id e re d  s m a l l .  They were a llo w e d  t o  
grow  t i l l  th e  1 3 1 s t day b e fo re  f i n a l  h a r v e s t .  In  E x p e r im e n t I I  
more s u i t a b le  s e e d lin g s  and la r g e r  e x p e r im e n ta l space were a v a i la b le  
th u s  a l lo w in g  f o r  an a d d i t io n a l  h a r v e s t .
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The number o f  s e e d lin g s  h a rv e s te d  i n i t i a l l y  v a r ie d  between 
10 to  20 a c c o rd in g  to  th e  number a v a i la b le .  In  co n se q u e n t h a rv e s ts  
b u t th e  l a s t ,  one s e e d lin g  p e r  p rovenan ce  p e r  t re a tm e n t was h a rv e s te d . 
In  th e  f i n a l  h a rv e s ts  th re e  s e e d lin g s  were h a rv e s te d  e x c e p t f o r  th e  
oo ca rp a  p ro ve n a n ce s  in  E x p e r im e n t I  where th e  number v a r ie d  between
1 to  3 due g e n e r a l ly  to  i n i t i a l  s h o r ta g e  o f  s u i t a b le  s e e d l in g s .
t rea ted
The t o t a l  number o f  s e e d lin g s  h a rv e s te d  t o t a l l e d  134 and 112 in  
E x p e r im e n ts  I  and I I  r e s p e c t iv e ly .
The p a ra m e te rs  m easured a t  each h a rv e s t  were stem h e ig h t  
and d ia m e te r ,  and th e  com ponent oven d ry  w e ig h ts  o f  n e e d le s , s tem , 
b ra n ch e s  and r o o t .  From th e s e  th e  t o t a l  p la n t  d r y  w e ig h t ,  mean 
r e l a t i v e  g ro w th  r a te  and n e t  a s s im i la t io n  r a te  were c a lc u la te d .
In  th e  f i n a l  h a rv e s ts ,  b ra n ch  number and le n g th  were 
a d d i t i o n a l l y  m easured and s h o o t : r o o t  r a t i o  and l e a f  w e ig h t r a t i o  
[a s  % n e e d le  w e ig h t )  c la c u la t e d .  The m easurem ent and c a lc u la t io n  
o f  p a ra m e te rs  were as o u t l in e d  in  S e c t io n s  8 .5  and 8 .7 .
The a n a ly s is  o f  r e s u l t s  was s im i la r  w ith  t h a t  f o r  th e  
E u c a ly p tu s  s e r ie s  [S e c t io n  9 . 2 ) .  A n a ly s is  o f  v a r ia n c e  [ t y p e  I I )  
was c o n d u c te d  on b o th  p r im a ry  and d e r iv e d  d a ta .  In  th e  a n a ly s is  
o f  mean r e l a t i v e  g ro w th  r a te  and n e t a s s im i la t io n  r a te  th e  a v e ra g e s  
o f  f i n a l  h a rv e s ts  d a ta  m easurem ent w ere used th u s  g iv in g  fo u r  
r e p l i c a t e s  p e r  p rovenan ce  and t re a tm e n t in  E x p e r im e n ts  I  and f i v e  
in  E x p e r im e n t I I ,  t o t a l l i n g  108 and 80 r e p l i c a t e s  r e s p e c t iv e ly .  The 
c a lc u la t io n  o f  th e  l a t t e r  f ig u r e  was based on e ig h t  t re a tm e n ts  due to  
th e  lo s s  o f  t r e a tm e n t  180/1 5 °C  d u r in g  e x p e r im e n t.
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In Experiment I, the analysis of variance was in addition 
carried out on all primary and derived data (except component dry 
weights) of the fourth harvest (Table 10.1) which was common to all 
seed sources. Only average values of PC data were used, thus 
giving one replicate per provenance and treatment and totalling 27 
replicates for the whole experiment. The analysis was conducted 
as for a balanced factorial design without replicate - 3 provenance x 
3 day x 3 night temperatures.
In Experiment II similar analysis was conducted but on 
data of the fifth and final harvest with three seedlings per provenance 
and treatment giving a total of 48 replicates for the whole experi­
ment. It was decided not to analyse harvest four data as in 
Experiment I. This was based on observed large differences found 
between the two experiments in height growth of POT seedlings, although 
raised under similar temperatures (24/18° and 24/21°C). Direct 
comparison of results of the two experiments was therefore not 
possible. In consequence, final harvest was extended to the 131st 
day to allow for greater provenance differences to develop further.
In Experiment II, it was not possible to seperate the day 
and night temperature effects due to the two factorial design 
(3 provenances x 8 treatments) in which both temperatures were 
integrated as one factor. Multiple regression analysis (Section 
8.7.2c) was therefore conducted to evaluate their relative effects 
on dry-matter production.
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1 0 .3  RESULTS
R e s u lts  o f  E x p e r im e n ts  I  and I I  a re  g iv e n  in  T a b le  1 0 .2 .  
R e s u lts  o f  a n a ly s is  o f  v a r ia n c e  a re  sum m arized in  T a b le  1 0 .3  and 
means compared w ith  D u n ca n 's  m u l t ip le  ra n g e  t e s t  g iv e n  in  F ig u re  
1 0 .1 .  The more im p o r ta n t  p a ra m e te rs  a re  shown in  F ig u re s  I0 .2 a - e ,  
1 0 .3 a - d .
1 0 .3 .1  P rovenance D if fe r e n c e s  
( a )  G row th and P r o d u c t iv i t y
D ry -M a t te r  P ro d u c t io n .
In  th e  h ig h e r  te m p e ra tu re  ra n g e  o f  E x p e r im e n t I  (2 4 /1 8  
to  3 0 /2 4 °C ) ,  P . c a r ib a e a  s e e d lin g s  (PC) were c l e a r l y  th e  m ost 
p r o d u c t iv e  o f  th e  s p e c ie s  w i th  d r y - m a t te r  p ro d u c t io n  n e a r ly  tw ic e  
t h a t  o f  th e  o o ca rp a  p ro ve n a n ce s  (POM and POT), F ig u re  1 0 .2 a . A 
t r e n d  o f  d e c re a s in g  p r o d u c t i v i t y  w i th  a l t i t u d e  a p p e a rs  to  e x i s t  w i t h in  
P. o o ca rp a  a lth o u g h  i t  was n o t s i g n i f i c a n t .  T h is  was e v id e n t  
fro m  th e  s l i g h t l y  lo w e r  d r y - m a t te r  p ro d u c t io n  in  th e  to p  p rovenan ce  
(POT) r e l a t i v e  to  th e  m id d le  p rovenan ce  (POM) in  th e  h ig h e r  
te m p e ra tu re  ra n g e , and th e  lo w  p rovenan ce  (POL) in  th e  lo w  te m pe ra ­
tu r e  ra n g e  o f  E x p e r im e n t I I  (1 5 /1 0  to  2 4 / l8 ° C ) ,  F ig u re s  1 0 .1 ,  1 0 .2 a , 
1 0 .3 a .
R e la t iv e  G row th R ate
G row th  r a te  in  th e  h ig h  te m p e ra tu re  ra n g e  was s i g n i f i c a n t l y  
h ig h e s t  in  POM w hereas PC and POT had com pa rab le  v a lu e s  (F ig u re  
1 0 .2 b ) .  The c l i n a l  t re n d  o f  d e c re a s in g  g ro w th  r a te  w i th  e le v a t io n  
in  P. o o ca rp a  was e v id e n t  in  th e  lo w  te m p e ra tu re s  where g ro w th
r a te  was s l i g h t l y  g r e a te r  in  POL th a n  in  POT (F ig u re  1 0 .3 b ) .
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TABLE 10.2 Growth Response in Seedlings of Pinus caribaea 
and Pinus oocarpa Grown Under Two Ranges of Day 
x Night Temperatures: High Temperature Range in 
Experiment I and Low Temperature Range in 
Experiment II.
1. Means of all parameters were calculated from final harvest 
data of 132 day old seedlings following 101 days of 
treatment in Experiment I and of 162 day old seedlings 
following 131 days of treatment in Experiment II. 
Exceptions were calculations of mean RGR and NAR (refer 
Methods).
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TABLE 10.3 Summary of Analysis of Variance (Type II)
□f Various Growth Parameters of Pinus caribaea 
and Pinus oocarpa Seedlings Grown Under Two 
Ranges of Day x Night Temperatures: High
Temperature Range in Experiment I and Low 
Temperature Range in Experiment II. Gnly 
Mean Square Values Given.
1. All analysis was conducted on final harvest data of 
132 day old seedlings following 101 days of treatment 
in Experiment I and of 162 day old seedlings following 
132 days of treatment in Experiment II. Exceptions
were the ages of seedlings used in the calculation of mean 
RGR and NAR (refer Methods).
2. Significance levels: *5%, **1% and *** 0.1%
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FIGURE 10.1 Multiple Range lest of Means of Growth Parameters 
of Pinus caribaea and Pinus oocarpa Seedlings 
Grown Under Iwo Ranges of Day x Night temperatures 
High temperature Range in Experiment I and Low 
temperature Range in Experiment II. Relative 
Values Given.
1. Growth parameters: Means of all growth parameters
were calculated from final harvest data of 101 day old 
seedlings following 132 days of treatment in Experiment I 
and of 162 day old seedlings following 131 days of treatment 
in Experiment II. Exceptions were the calculations of 
mean RGR and NAR (refer Methods).
2. Ranking of means: In descending order from highest at
the top to lowest at the bottom.
3. Duncan*s multiple range test: Means not connected by
vertical line are significantly different at 5% level.
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a . D ry -M a t te r  P ro d u c t io n
ls d  5%
b . Mean R e la t iv e  G row th R ate
c .  Stem H e ig h t
N ig h t
POL^J _______^
Day T e m p e ra tu re  ( C)
FIGURE 1 0 .3  G row th Response o f  S e o d lin g s  o f  P in o s  o o ca rp a  v/ar 
o c h o te re n a i to  V a ry in g  T e m p e ra tu re s : I I .  Low
T e m p e ra tu re  Range (D a y /N ig h t T e m p e ra tu re  (°c): 
1 5 /1 0 -2 4 /1 8 ) .  P. o o ca rp a  -  Low (POL) and H igh  (PO)
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d . Mean Net A s s im i la t io n  R ate
N ig h t  Temp. (°C )
Day T e m p e ra tu re  (°C )
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H e ig h t  G row th
I n t e r  and in t r a s p e c ie s  t re n d s  in  h e ig h t  g ro w th  resem b led  
c lo s e ly  th e  t r e n d s  in  d r y - m a t te r  p ro d u c t io n  b u t w i th  more d e f i n i t e  
( i . e .  s i g n i f i c a n t )  d i f f e r e n c e s .  In  th e  h ig h  te m p e ra tu re  ra n g e ,
PC was s i g n i f i c a n t l y  t a l l e s t ,  POM in te rm e d ia te  and POT 
s i g n i f i c a n t l y  s h o r te s t  (F  .gure  1 0 .2 c ) .  In  th e  lo w e r  te m p e ra tu re  
ra n g e , a d e c re a se  in  h e ig h t  g ro w th  w i th  a l t i t u d e  was s i g n i f i c a n t  
(F ig u re  1 0 .3 c ) .
D ia m e te r  G row th
PC s e e d lin g s  had th e  b ig g e s t  d ia m e te r  g ro w th  in  th e  
h ig h e r  te m p e ra tu re  ra n g e . S u r p r is in g ly ,  d ia m e te r  g ro w th  in  P. 
o o ca rp a  in c re a s e d  s i g n i f i c a n t l y  w i t h  e le v a t io n  in  re v e rs e  to  th e  
u s u a l g ro w th  t re n d  (F ig u re  1 0 .2 d ) .  The same t re n d  was m a in ta in e d  
in  th e  lo w e r  te m p e ra tu re  ra n g e  where POT had g r e a te r  d ia m e te r  
th a n  POL ( F ig u re  10.1 ) .
( b) A n a ly s is  o f  P r o d u c t iv i t y
Net A s s im i la t io n  R ate
N et a s s im i la t io n  r a te  (NAR) in  th e  h ig h e r  te m p e ra tu re  
ra n g e , was g e n e r a l ly  h ig h e s t  in  POM and s m a l le s t  in  POT s e e d lin g s  
e x c e p t a t  2 4 /2 4 °C , (F ig u re  1 0 .2 e ) .  P rovenance  d i f f e r e n c e s  were 
g e n e r a l ly  g r e a te r  u n d e r c o o le r  th a n  u n d e r warm er te m p e ra tu re  
re g im e s  p a r t i c u l a r l y  th o s e  w i th  warm n ig h t  te m p e ra tu re  (2 4 ° C ) .
The t re n d  o f  d e c re a s in g  NAR w ith  e le v a t io n  was a ls o  c le a r  in  th e  
lo w e r  te m p e ra tu re  ra n g e  w here NAR in  POL was s i g n i f i c a n t l y  h ig h e r  
th a n  t h a t  o f  POT ( F ig u re  1 0 .3 d ) .
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L e a f  W e ig h t R a t io
L e a f w e ig h t r a t i o  (m easured as °/o n e e d le  w e ig h t )  was 
u n a f fe c te d  by te m p e ra tu re  v a r ia t io n  in  th e  h ig h e r  te m p e ra tu re  
ra n g e . A t lo w e r  te m p e ra tu re s ,  th e re  was a s i g n i f i c a n t  in c re a s e  
in  LWR w i th  e le v a t io n .
A l t i t u d i n a l  v a r ia t i o n  in  g ro w th  r a t e  in  P. o o ca rp a  was 
due more to  v a r ia t io n  in  p h o to s y n th e t ic  e f f i c ie n c y  (NAR) th a n  in  
th e  p h o to s y n th e t ic  sys tem  (LW R). In  th e  h ig h  te m p e ra tu re  ra n g e ,
POM was g e n e r a l ly  more e f f i c i e n t  th a n  POT and to  a le s s e r  e x te n t  
had a b e t t e r  p h o to s y n th e t ic  s y s te m . In  th e  lo w e r  te m p e ra tu re s  
how eve r, th e  h ig h e r  e f f i c ie n c y  in  POL r e l a t i v e  to  POT was g r e a t l y  
o f f s e t  by a s m a lle r  p h o to s y n th e t ic  system  r e s u l t in g  in  o n ly  a 
s l i g h t  a dvan ta ge  in  g ro w th  r a te  o v e r  t h a t  o f  POT.
The h ig h  g ro w th  r a te  in  POM o v e r  t h a t  o f  PC was m a in ly  
due to  a more e f f i c i e n t  p h o to s y n th e s is  a lth o u g h  th e  l a t t e r  had 
a s l i g h t l y  la r g e r  p h o to s y n th e t ic  s y s te m .
( c )  BRANCH GROWTH
In  th e  h ig h e r  te m p e ra tu re s ,  b ra n ch  i n i t i a t i o n  in  PC 
was g e n e r a l ly  lo w e s t e x c e p t a t  27°C day te m p e ra tu re  where i t  had 
s l i g h t l y  more b ra n ch e s  th a n  POM (F ig u re  1 0 . 1 ) .  An a l t i t u d i n a l  
c l i n e  o f  in c re a s in g  b ra n ch  g ro w th  (b o th  in  number and le n g th )  
w i th  e le v a t io n  was c le a r  in  P . o o ca rp a  a lth o u g h  th e  in c re a s e  in  
b ra n ch  number un d e r 27°C day te m p e ra tu re  was n o t s i g n i f i c a n t .
In  th e  lo w e r  te m p e ra tu re  ra n g e , th e  a l t i t u d i n a l  in c re a s e  
in  b ra n ch  g ro w th  was s i g n i f i c a n t  w i th  POT h a v in g  th e  m ost and lo n g e s t
b ra n c h e s .
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( d ) SHOOT ROOT RATIO
A t h ig h e r  te m p e ra tu re s ,  p r o p o r t io n a l l y  more d r y  m a tte r  
was d is t r ib u t e d  to  r o o t  g ro w th  in  PC th a n  in  e i t h e r  oo ca rp a  
p ro v e n a n c e s . In  th e  l a t t e r ,  p r o p o r t io n a l l y  more d ry  m a t te r  was 
d is t r ib u t e d  to  s h o o t g ro w th  a t  h ig h e r  e le v a t io n  a t  b o th  h ig h e r  
and lo w e r  te m p e ra tu re s .
( e )  SUMMARY
1. G row th and P r o d u c t iv i t y :
( i )  P. c a r ib a e a  had b e t t e r  g ro w th  th a n  P . o o ca rp a  in  th e  h ig h e r  
te m p e ra tu re s  te s te d  (2 4 /1 8  to  3 0 /2 7 ° ) .  How ever, i t  had 
s lo w e r  g ro w th  r a te  th a n  th e  m id d le  a l t i t u d e  p rovenan ce
o f  P. o o ca rp a  (POM).
( i i )  An a l t i t u d i n a l  c l i n e  o f  d e c re a s in g  g ro w th  w i th  e le v a t io n  
was g e n e r a l ly  c le a r  in  P. o o ca rp a  in  th e  te m p e ra tu re s  
te s te d  (1 5 /1 0  to  3 0 /2 4 ° C ) .  An e x c e p t io n  o c c u rre d  in  
d ia m e te r  g ro w th  w h ich  showed a re v e rs e  t r e n d .
2 . A n a ly s is  o f  P r o d u c t iv i t y :
( i )  The d i f f e r e n c e  in  g ro w th  r a te  between P. c a r ib a e a  (PC) 
and th e  m id d le  a l t i t u d e  p rovenan ce  o f  P . o o ca rp a  (POM) 
was m a in ly  due to  d i f f e r e n c e s  in  n e t a s s im i la t io n  r a t e .
PC was s i g n i f i c a n t l y  le s s  e f f i c i e n t  in  p h o to s y n th e s is  
th a n  POM.
( i i )  D if fe r e n c e s  in  g ro w th  r a te  between P. o o ca rp a  p rovenan ces  
were m a in ly  due to  d i f f e r e n c e s  in  n e t a s s im i la t io n  r a te  
and to  a le s s e r  e x te n t  due to  d i f f e r e n c e s  in  l e a f  w e ig h t
r a t i o .
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3 . B ranch  G row th :
( i )  P . c a r ib a e a  g e n e r a l ly  had p o o re r  b ra n ch  i n i t i a t i o n  th a n  
P . o o ca rp a  in  th e  h ig h e r  te m p e ra tu re  ra n g e . T h is  was 
com pensated how ever by a b e t t e r  b ra n ch  e x te n s io n  g ro w th .
( i i )  B ranch  g ro w th  in c re a s e d  w ith  e le v a t io n  in  P. o o c a rp a .
4 .  S hoo t R oot R a t io :
( i )  P r o p o r t io n a l ly  more d r y  m a t te r  was d is t r ib u t e d  to  r o o t  in
P . c a r ib a e a  th a n  P. o o ca rp a  in  th e  h ig h e r  te m p e ra tu re s .
( i i )  P r o p o r t io n a l ly  more d ry  m a t te r  was d is t r ib u t e d  to  s h o o t
g ro w th  in  th e  h ig h  a l t i t u d e  p rovenan ce  (POT) o f  P . o o ca rp a  
th a n  in  th e  lo w e r  p ro ve n a n ce s  (POL and POM).
1 0 .3 .2  T e m p e ra tu re  D if fe r e n c e s  
(a )  G row th  and P r o d u c t iv i t y
V a r ia t io n s  in  d r y - m a t te r  p ro d u c t io n  w i t h in  th e  h ig h e r  te m p e ra tu re  
ra n g e  (E x p e r im e n t i )  were g e n e r a l ly  n o t s i g n i f i c a n t .  PC and POM 
how ever tended  to  be m ost p r o d u c t iv e  a t  2 4 / l8 ° C  and POT a t  3 0 /2 4 °C  
(T a b le  1 0 .2 ) .  A t lo w e r  te m p e ra tu re s  (E x p e r im e n t I i )  POL and POT s e e d lin g s  
g rew  w e l l  u n d e r re g im e s  w ith  n ig h t  te m p e ra tu re s  warm er th a n  15°C and were 
m ost p r o d u c t iv e  a t  2 4 / l8 ° C  (F ig u re  1 0 .3 a ) .  D ry -m a t te r  p ro d u c t io n  was 
lo w e s t u n d e r th e  two c o ld e s t  te m p e ra tu re s  (1 5 /1 0  and 1 8 /1 0 °C ) .
A t lo w e r  te m p e ra tu re s ,  p r o d u c t i v i t y  appea rs  more s e n s i t i v e  
to  n ig h t  th a n  to  day te m p e ra tu re  v a r i a t i o n .  The s ta n d a rd  p a r t i a l  
r e g re s s io n  c o e f f i c i e n t  f o r  n ig h t  te m p e ra tu re  was 0 .6 4 1 4  as a g a in s t  
0 .2362  f o r  day te m p e ra tu re .  P la n t  d r y  w e ig h t (w) was h ig h ly  c o r r e la te d  
w ith  day (D) and n ig h t  (n ) te m p e ra tu re s  in  th e  r e g re s s io n  e q u a t io n ,
W = 0 .0761  D + 0 .1 4 4 5  N -  1 .8 2 0 3 , w i th  R = 0 .8 1 5 4 .
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G row th Rate
V a r ia t io n  in  g ro w th  r a te  in  th e  h ig h  te m p e ra tu re  ra n g e , as 
in  d r y - m a t te r  p r o d u c t io n ,  was n o t g e n e r a l ly  s i g n i f i c a n t  a lth o u g h  
s e e d lin g s  tended  to  g row  f a s t e s t  a t  2 7 / l8 ° C  (T a b le  1 0 .2 ) .  I n  th e  lo w  
te m p e ra tu re  ra n g e , g ro w th  r a t e  d id  n o t d i f f e r  u n d e r re g im e s  w ith  n ig h t  
te m p e ra tu re s  warm er th a n  15°C and was h ig h e s t  u n d e r th e  w arm est 
te m p e ra tu re  (2 4 /2 1 ° C ) ,  F ig u re  1 0 .3 b .
H e ig h t G row th
A t h ig h e r  te m p e ra tu re s  g ro w th  was g e n e r a l ly  u n a f fe c te d  by 
te m p e ra tu re  v a r ia t i o n  e x c e p t u n d e r c o o l day (2 4 °C ) where s e e d lin g  h e ig h t  
was s i g n i f i c a n t l y  reduced  w ith  th e  d ro p  in  n ig h t  te m p e ra tu re  fro m  24 to  
18DC. H e ig h t re sp o n se  a t  th e  lo w e r  te m p e ra tu re s ,  as in  d r y - m a t te r  p ro ­
d u c t io n ,  was b e s t u n d e r 2 4 / l8 ° C  a lth o u g h  com p a ra b le  w i th  th o s e  u n d e r 
re g im e s  warm er th a n  2 1 /1 5 °C .
D ia m e te r G row th
The d ro p  in  n ig h t  te m p e ra tu re  fro m  24 to  18°C, in  th e  h ig h e r  
te m p e ra tu re  ra n g e , s i g n i f i c a n t l y  reduced  d ia m e te r  g ro w th  (T a b le  1 0 .2 ) .
In  th e  lo w  te m p e ra tu re  ra n g e  d ia m e te r  g ro w th  was b e s t u n d e r th e  w arm est 
te m p e ra tu re  (2 4 /2 1 ° C ) .  A h ig h  g ro w th  was m a in ta in e d  o v e r  a w ide  
te m p e ra tu re  ra n g e  w ith  n ig h t  te m p e ra tu re s  warm er th a n  10°C.
(b )  N e t A s s im i la t io n  R ate
P h y to s y n th e t ic  e f f i c ie n c y  (NAR) in  PC, in  th e  h ig h  te m p e ra tu re  
ra n g e  (E x p e r im e n t i ) ,  was g e n e r a l ly  u n a f fe c te d  by te m p e ra tu re  d i f f e r e n c e s  
(F ig u re  1 0 .1 )  a lth o u g h  s e e d lin g s  tended  to  be m ost e f f i c i e n t  u n d e r c o o l 
day te m p e ra tu re  (2 4 °C ) .  POM was more e f f i c i e n t  u n d e r c o o l - m i ld  n ig h ts  
(18 and 2 1 °C ), e s p e c ia l ly  com bined w i th  warm er days (27 and 30°C ) w h i l s t  
POT m a in ta in e d  a h ig h  e f f i c ie n c y  o v e r  a w ide  te m p e ra tu re  ra n g e  p a r t i c u l a r l y  
u n d e r warm er day and n ig h t  te m p e ra tu re s  (30°C  day and 24°C n ig h t  
te m p e ra tu re s ) .
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A t lo w e r  te m p e ra tu re s  (E x p e r im e n t I I ) th e re  was no 
s i g n i f i c a n t  d i f f e r e n c e s  in  p h o to s y n th e t ic  e f f i c ie n c y  u n d e r th e  
warm er re g im e s  above 2 1 /15 °C  (F ig u re  1 0 .3 d ) .  E f f i c ie n c y  was 
h ig h e s t  u n d e r th e  w arm est te m p e ra tu re  (2 4 /2 1 ° C ) .
( c ) L e a f W e igh t R a t io
The p h o to s y n th e t ic  system  as in d ic a te d  by l e a f  w e ig h t 
r a t i o  was n o t s i g n i f i c a n t l y  a f fe c te d  by v a r ia t io n  in  
te m p e ra tu re  in  c o n t r a s t  to  th e  p h o to s y n th e t ic  e f f i c ie n c y  o f  
s e e d l in g s .
( d ) B ranch G row th
A lth o u g h  b ranch  le n g th  was n o t  s i g n i f i c a n t l y  v a r ie d  
in  th e  h ig h e r  te m p e ra tu re s ,  b ra n ch  number showed a s i g n i f i c a n t  
p rovenan ce  x day te m p e ra tu re  in t e r a c t io n  a t  th e  5% le v e l ,
F ig u re  1 0 .1 .  PC showed l i t t l e  v a r ia t i o n ,  in  c o n t r a s t  to  th e  
oo ca rp a  p ro v e n a n c e s . POL had th e  m ost b ra n ch e s  u n d e r 27°C day 
d e c re a s in g  s i g n i f i c a n t l y  u n d e r c o o l day te m p e ra tu re  (2 4 °C ) , w h i l s t  
b ra n ch  number in  POM in c re a s e d  s i g n i f i c a n t l y  w i th  warm er day 
te m p e ra tu re s .
( e ) S h o o t:R o o t R a t io
D ry -m a t te r  d i s t r i b u t i o n  between s h o o t and r o o t  was n o t 
a f fe c te d  by v a r ia t io n  in  th e  h ig h e r  te m p e ra tu re s  (E x p e r im e n t i ) .
A t lo w e r  te m p e ra tu re s  (E x p e r im e n t I I ) how eve r, p r o p o r t io n a l l y  
more d r y  m a t te r  was d is t r ib u t e d  to  th e  s h o o t sys tem  u n d e r warm er 
re g im e s  w i th  n ig h t  te m p e ra tu re s  above 10 °C . The p r o p o r t io n  
te n d  to  d e c re a se  u n d e r warm n ig h t  te m p e ra tu re  (2 1 ° C ) ,  F ig u re  1 0 . 1 .
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( f ) Summary
1 . G row th  and P r o d u c t iv i t y :
G row th  and p r o d u c t i v i t y  in  b o th  P. c a r ib a e a  and 
P. o o ca rp a  were g e n e r a l ly  h ig h e s t  in  th e  warm er 
te m p e ra tu re s  between 2 4 /1 8  and 3 0 /2 4 °C . Good g ro w th  
was g e n e r a l ly  m a in ta in e d  u n d e r lo w e r  re g im e s  w ith  
n ig h t  te m p e ra tu re s  above 15°C .
2 . Net A s s im i la t io n  R a te :
T e m p e ra tu re  re sp o n se  in  NAR d i f f e r e d  s i g n i f i c a n t l y  between 
s p e c ie s  and p ro ve n a n ce s  a t  h ig h e r  te m p e ra tu re s  (2 4 /1 8  -  
3 0 /2 4 ° C ) .  P. c a r ib a e a  was r e l a t i v e l y  u n a f fe c te d  by 
te m p e ra tu re  v a r ia t io n  w hereas POM appeared  more e f f i c i e n t  
u n d e r c o o le r  te m p e ra tu re s  and POT u n d e r warm er te m p e ra tu re s .
3 .  L e a f W e igh t R a t io :
L e a f w e ig h t r a t i o  was n o t s i g n i f i c a n t l y  a f fe c te d  by 
te m p e ra tu re  v a r ia t i o n  w i t h in  th e  te m p e ra tu re  ra n g e  
te s te d  (1 5 /1 0  to  3 0 /2 4 ° C ) .
4 .  B ranch  G row th :
A t h ig h e r  te m p e ra tu re s ,  b ra n ch  g ro w th  in  P. c a r ib a e a  
was r e l a t i v e l y  u n a f fe c te d  by te m p e ra tu re  v a r ia t io n  in  
c o n t r a s t  to  t h a t  o f  P . o o ca rp a  p ro v e n a n c e s . In  POM 
th e  day te m p e ra tu re  f o r  maximum number o f  b ranch  i n i t i a t i o n  
was h ig h e r  th a n  t h a t  o f  th e  POT. B ranch  e x te n s io n  
g ro w th  was n o t a f fe c te d  by te m p e ra tu re  v a r ia t io n  in  t h i s  
ra n g e . G e n e ra l ly ,  b ra n ch  g ro w th  was n o t  a f fe c te d  by 
lo w  te m p e ra tu re s  e x c e p t u n d e r th e  c o ld e s t  re g im e s  where
g ro w th  was re d u c e d .
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5 . S hoo t-.R oo t R a t io :
T e m p e ra tu re  e f f e c t  on s h o o t i r o o t  r a t i o  was o n ly  s i g n i f i ­
c a n t in  th e  lo w e r  te m p e ra tu re  ra n g e  where p r o p o r t io n a l ly  
more d ry  m a t te r  was d is t r ib u t e d  to  s h o o t sys tem  in  
m id d le  te m p e ra tu re s  (2 1 /1 5  to  2 4 /1 8°C ) th a n  a t  o th e r  
te m p e ra tu re s .
1 0 .4  DISCUSSION
D if fe r e n c e s  in  m a g n itu d e  and t re n d s  o f  v a r io u s  p a ra m e te rs  
w ere re c o rd e d  between th e  two e x p e r im e n ts  u n d e r th e  common te m p e ra tu re  
re g im e s  (2 4 /1 8 °  and 2 4 /2 1 ° C ) .  F o r exam p le , b ra n c h in g  was much 
g r e a te r  in  E x p e r im e n t I .  In  a d d i t io n  b o th  e x p e r im e n ts  re c o rd e d  
o p p o s in g  t re n d s  in  te m p e ra tu re  re sp o n se  in  s h o o t t r o o t  r a t i o  and h e ig h t  
g ro w th .
In  a s im i la r  e x p e r im e n t w i th  th e  E u c a ly p tu s  s e r ie s  (C h a p te r  
9 ) such d i f f e r e n c e s  were a t t r i b u t e d  t o  v a r ia t io n  in  n a tu r a l  d a y l ig h t  
i n t e n s i t y  due to  th e  t im e  la p s e  between e x p e r im e n ts .
The s u g g e s t io n  i s  a ls o  a p p l ic a b le  h e re .  C o n s e q u e n tly , d i r e c t  co m p a riso n  
between r e s u l t s  o f  th e  tw o e x p e r im e n ts  s h o u ld  n e c e s s a r i ly  be t e n t a t i v e .
The s tu d y  p ro v id e s  tw o  bases f o r  c o m p a ris o n : i . e .  i n t e r -  and 
in t r a s p e c ie s .  The fo rm e r  c o m p a riso n  i s  c o n f in e d  t o  th e  h ig h e r  
te m p e ra tu re  range  o f  E x p e rim e n t I .  I t  i s  c le a r  fro m  th e  e x p e r im e n t 
t h a t  P. c a r ib a e a  was f a r  th e  s u p e r io r  in  g ro w th  p e rfo rm a n ce  th a n  
P . o o c a rp a . S in c e  th e  re g im e s  te s te d  were e q u iv a le n t  to  te m p e ra tu re s  
a t  lo w e r  a l t i t u d e s  th e  p e rfo rm a n ce  o f  th e  s p e c ie s  p ro b a b ly  r e f l e c t
i t s  n a tu r a l  op tim um . W hether th e  s p e c ie s  c o u ld  m a in ta in  i t s
155
a d van ta ge  u n d e r c o ld e r  te m p e ra tu re  re g im e s  is  c o n je c tu r a l  and 
needs f u r t h e r  in v e s t ig a t io n .
R a c ia t io n  w i t h in  P . o o ca rp a  was e v id e n t  as in d ic a te d  by th e  
g e n e r a l ly  s i g n i f i c a n t  d i f f e r e n c e s  in  a l l  g ro w th  p a ra m e te rs  e x c e p t 
d r y - m a t te r  p r o d u c t io n .  A g e n e ra l c l i n a l  t r e n d  o f  g ro w th  r e d u c t io n  
w i th  a l t i t u d e  was a ls o  a p p a re n t and m a in ly  in  p h y s io lo g ic a l  
c h a ra c te r s  such as d r y - m a t te r  p ro d u c t io n ,  a s s im i la t io n  r a te  and g ro w th  
r a t e .  D if fe r e n c e s  in  b ra n c h in g  how ever d id  n o t show th e  g e n e ra l 
c l i n a l  p a t t e r n .  T h is  may in d ic a te  g e o g ra p h ic  r a c ia t i o n .
The e x is te n c e  o f  in t r a s p e c ie s  d i f f e r e n t i a t i o n  in  P. o o ca rp a  
s u g g e s ts  th e  p o t e n t ia l  r o le  o f  te m p e ra tu re  in  p rovenan ce  d e l im i t a t i o n .  
I t  i s  a p p a re n t fro m  th e  s tu d y  t h a t  th e  c l im a t i c  l i m i t s  o f  P . o o c a rp a , 
as d e te rm in e d  by te m p e ra tu re ,  a re  p o t e n t i a l l y  g r e a te r  th a n  t h e i r  
n a tu r a l  l i m i t s .  F o r exam p le , th e  lo w  p rovenan ce  s e e d lin g s  c o n t in u e d  
to  grow  u n d e r th e  n ig h t  te m p e ra tu re  o f  10°C . Such te m p e ra tu re  
u s u a l ly  o c c u rs  a t  e le v a t io n s  w e l l  above th e  lo w  a l t i t u d e  s o u rc e  (3 7 5 m ). 
S im i la r l y ,  th e  to p  p rovenan ce  s e e d lin g s  grew  b e s t a t  te m p e ra tu re s  
u s u a l ly  found  a t  lo w e r  a l t i t u d e s .  W hether such  te m p e ra tu re  e x tre m e s  
a re  e x p e r ie n c e d  a t  t h e i r  n a tu r a l  a l t i t u d e s  c a n n o t be a s c e r ta in e d  in  
v ie w  o f  th e  f ra g m e n ta ry  m e te o ro lo g ic a l d a ta  a v a i la b le .  F o r th e  
same re a s o n , f u r t h e r  s u g g e s t io n  o f  th e  s p e c ie s  p o t e n t ia l  l i m i t s  c a n n o t 
be made w i th  re a s o n a b le  c e r t a i n t y .  I t  can how ever be su g g e s te d  
t h a t  te m p e ra tu re  i s  n o t a l i m i t i n g  f a c t o r  w i t h in  th e  s p e c ie s  n a tu r a l  
d i s t r i b u t i o n .  The r o le  o f  f i r e  has been su g g e s te d  as im p o r ta n t  in  
d e te rm in in g  th e  s p e c ie s  n a tu r a l  ra n g e  (L u c k h o f f ,  1 9 6 4 ).
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In  v ie w  o f  th e  v a r ia t i o n  in  g ro w th  p e rfo rm a n ce  a c h o ic e  w i l l  
have to  be made between s p e c ie s  and p rovenan ce  in  any p la n ta t io n  
program m e. In  th e  c h o ic e  o f  s p e c ie s ,  P . c a r ib a e a  i s  u n d o u b te d ly  
p r e fe r r e d  in  v ie w  o f  i t s  g r e a te r  p r o d u c t i v i t y  and r e l a t i v e  la c k  o f  
s e n s i t i v i t y  to  te m p e ra tu re  v a r ia t io n s  in  a s s im i la t io n  r a t e .  The 
s p e c ie s  i s  p ro b a b ly  o p t im a l ly  s u i te d  in  M a la y s ia  to  th e  zones 
b o rd e r in g  th e  Low land R a in  F o re s t  -  Lower Montane R a in  F o re s t  
e co to n e  w i th  th e  te m p e ra tu re  e q u iv a le n t  o f  2 4 /1 8 ° -2 1 /1 8 ° C .
As a p la n ta t io n  s p e c ie s ,  P. o o ca rp a  i s  h ig h ly  v e r s a t i l e .
T h is  is  in d ic a te d  by i t s  a b i l i t y  to  m a in ta in  a s u i t a b ly  h ig h  
p r o d u c t i v i t y  o v e r  a w id e  te m p e ra tu re  ra n g e  from  lo w la n d  te m p e ra tu re s  
(a s  in  E x p e r im e n t 1 ) u p %t o  th e  a l t i t u d i n a l  e q u iv a le n t  o f  15°C n ig h t  
te m p e ra tu re  ( a p p ro x im a te ly  th e  le v e l  o f  Mt P in e  R idge  in  B r i t i s h  
H onduras -  c . 900m; Append i x  IV  ) .  B o th  s p e c ie s  a p p a re n t ly  sh a re  
common optim um  e le v a t io n s  n o te d  e a r l i e r .
R a c ia t io n  w i t h in  P . oo ca rp a  i s  c l e a r l y  e v id e n t  and may r e q u ir e  
c a r e f u l  c h o ic e  o f  p ro v e n a n c e . S in c e  d i f f e r e n c e s  in  a s s im i la t io n  and 
g ro w th  r a te s  were n o t  s i g n i f i c a n t l y  r e f le c t e d  in  d r y - m a t te r  p r o d u c t io n ,  
th e  c h o ic e  o f  p rovenan ce  may be based on m o rp h o lo g ic a l c h a ra c te rs  
o f  th e  s h o o t .  The to p  p rovenan ce  (POT) e x h ib i te d  p o o r h e ig h t  g ro w th  
and g r e a te r  b ra n c h in g . B o th  th e  low  and m id d le  p ro ve n a n ce s  (POL and 
POM) had b e t t e r  fo rm  r e l a t i v e  to  th e  to p  p rovenan ce  and b o th  had th e  
added ad va n ta g e  o f  more e f f i c i e n t  p h o to s y n th e s is  and g r e a te r  g ro w th  
r a te  w h ich  may be im p o r ta n t  w i t h in  th e  e c o lo g y  o f  th e  n a tu r a l  e n v iro n ­
ment .
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CHAPTER 11
THE EFFECTS OF DAY AND NIGHT TEMPERATURE ON GROWTH
OF SEEDLINGS OF PINUS KESIYA ROYLE EX GORDON
11 .1 INTRODUCTION
P in u s  k e s iy a  R o y le  ex Gordon (S y n . P. khasya  R o y le ;
P . in s u la r i s  E n d l ic h e r )  o c c u rs  in  th e  P h i l ip p in e s  on th e  is la n d  o f  
L uzon . I t  i s  m a in ly  c o n f in e d  to  h ig h la n d  a re a s , p r i n c i p a l l y  on 
th e  C e n t r a l •C o r d i l l e r a  m o u n ta in  range  w ith  s m a l le r  is o la te d  s ta n d s  
on th e  C a ra b a llo  and Zam bales m o u n ta in s  (F ig u re  IV b , A ppend ix  IV ) .
A l t i t u d i n a l l y  th e  s p e c ie s  ra n g e s  from  c.450m  to  2450m.
T e m p e ra tu re  v a r ia t io n  w i t h in  th e  s p e c ie s  ra n g e  i s  m a in ly  
due to  e le v a t io n .  On th e  C o r d i l le r a s  f o r  exam p le , th e  a ve rage  
a n n u a l te m p e ra tu re  above 1500m is  a b o u t 18°C w h i l s t  a t  lo w e r  e le v a t io n s  
th e  te m p e ra tu re  i s  as h ig h  as 2 5 °C . In  c o n t r a s t ,  s e a s o n a l v a r ia t io n  
i s  re m a rk a b ly  s m a ll as e v id e n t  from  th e  te m p e ra tu re  d a ta  shown f o r  
B agu io  C i t y  on th e  C o r d i l le r a s  (T a b le  IV b , A ppend ix  I V ) .
In  t h i s  e x p e r im e n t g ro w th  p e rfo rm a n ce  o f  s e e d lin g s  from  
w id e ly  spaced a l t i t u d i n a l  s o u rc e s  i s  com pared o v e r  a ra n g e  o f  
te m p e ra tu re s  to  exam ine w h e th e r in t r a s p e c ie s  d i f f e r e n c e s  o c c u r in  
P . k e s iy a . C om parison is  a ls o  made between d is ju n c t  seed s o u rc e s  o f  
e q u iv a le n t  a l t i t u d e  from  th e  C o r d i l le r a  and Zam bales m o u n ta in s  to  
exam ine w h e th e r in t r a s p e c ie s  d i f f e r e n t i a t i o n  has o c c u rre d  due to
g e o g ra p h ic  i s o la t i o n .
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11 .2  MATERIALS AND METHODS
The e x p e r im e n t was co n d u c te d  a t  CERES p h y to t ro n  w ith  seed 
m a te r ia ls  s u p p lie d  by th e  F o re s t  R esearch  I n s t i t u t e  in  C a n b e rra .
The seed l o t  num bers were S9257, S9259, S9260, S9269, S9270.
F iv e  g e o g ra p h ic a l and a l t i t u d i n a l  p ro ve n a n ce s  o f  P. k e s iy a  
were u se d . Three  from  th e  C o r d i l l e r a  (N o r th e rn )  re g io n  and tw o 
from  th e  Zam bales (S o u th e rn )  r e g io n .  These were th e  n o r th e rn  low  
p rovenan ce  (N L) fro m  1 4 4 0 -1 500m, n o r th e rn  m id d le  p rovenan ce  (NM) fro m  
1900m, n o r th e rn  to p  p rovenan ce  (N T) from  2100m, s o u th e rn  lo w  p ro ­
venance (S L ) from  600-750m  and s o u th e rn  to p  p rovenan ce  (S T ) from  
9 0 0 -1 100m e le v a t io n .  D e t a i ls  o f  seed o r ig in  a re  g iv e n  in  S e c t io n
8 .2  and T a b le  8 .1 .
The t re a tm e n t co m p rise d  e le v e n  day and n ig h t  te m p e ra tu re  
c o m b in a t io n s :  N ine c o m b in a t io n s  o f  th re e  day (1 5 ,2 1  and 27°C ) and th re e  
n ig h t  (1 0 ,1 6  and 22°C ) te m p e ra tu re s  p lu s  2 1 /2 8  and 27 /2 8 °C  g iv in g  
an e x te n s io n  o f  th e  u p p e r tw o day te m p e ra tu re s  w i th  a h ig h e r  n ig h t  
re g im e , (T a b le  8 . 2 ) .  T h is  gave a tw o f a c t o r i a l  d e s ig n , 5 p ro ve n a n ce s  x 
11 t r e a tm e n ts ,  w i th  r e p l i c a t e s  (T a b le  8 . 3 ) .  H ow ever, in  th e  c o u rs e  
o f  e x p e r im e n t t r e a tm e n t 2 7 /22 °C  was l o s t  th u s  a l t e r in g  th e  d e s ig n  to  
a 5 x 10 f a c t o r i a l .
In  th e  d e s ig n  o f  e x p e r im e n t,  p ro je c te d  te m p e ra tu re  v a lu e s  
were used as a g u id e  s in c e  l i t t l e  m e te o ro lo g ic a l d a ta  was a v a i la b le  
o f  th e  seed s o u rc e . The a c tu a l  te m p e ra tu re s  used were g la s s h o u s e  
te m p e ra tu re s  t h a t  c lo s e ly  a p p ro x im a te d  th e  p r o je c te d  v a lu e .  N ig h t  
te m p e ra tu re  was em phasised by g iv in g  i t  an e x t r a  le v e l  a lth o u g h  t h i s  
r e s u l te d  in  n e g a t iv e  th e rm o p e r io d s . I t  was how ever c o n s id e re d  
im p o r ta n t  in  th e  s p e c ie s  g ro w th  and d i s t r i b u t i o n .
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F o r some te m p e ra tu re  t re a tm e n ts  i t  was n e c e s s a ry  to  move 
p la n ts  between g la s s h o u s e s  to  meet t h e i r  day and n ig h t  te m p e ra tu re  
re q u ire m e n ts .  F o r t h i s  p u rp o s e , th e s e  p la n ts  were p e rm a n e n tly  
m ounted on m o b ile  t r o l l e y s .  D e ta i ls  o f  g ro w th  c o n d i t io n s  in  th e  
g la s s h o u s e s  and r o u t in e  m a in te n a n ce  o f  e x p e r im e n t a re  o u t l in e d  in  
S e c t io n s  8 .3  and 8 . 8 . 4 .
S e e d lin g  m a te r ia ls  used in  th e  e x p e r im e n t were e s ta b l is h e d  
a c c o rd in g  to  th e  s ta n d a rd is e d  p ro c e d u re s  o u t l in e d  f o r  th e  O ocarpa 
s e r ie s  in  S e c t io n  8 . 8 . 2 .  V a r ia t io n  in  g e rm in a t io n  t im e s  between 
th e  K e s iy a  s e r ie s  and t h i s  s e r ie s  can be c o n s id e re d  n e g l ig a b le .  The 
g ra d in g  p ro c e d u re  used was as o u t l in e d  in  S e c t io n  8 . 8 . 3 .
The h a r v e s t in g  s c h e d u le  i s  shown in  T a b le  1 1 . 1 .  T re a t ­
ment was commenced a t  a b o u t t h i r t y  days f o l lo w in g  g e rm in a t io n  and 
la s te d  84 days from  1 0 /7 /7 4  t o  2 /1 0 /7 4 .  F iv e  s e e d lin g s  p e r  p rovenan ce  
w ere h a rv e s te d  a t  th e  s t a r t  o f  t r e a tm e n t .  One s e e d lin g  p e r  p rovenan ce  
p e r  t r e a tm e n t was h a rv e s te d  in  su b se q u e n t h a rv e s ts  e x c e p t in  th e  f i n a l  
h a rv e s t  where th re e  s e e d lin g s  were h a rv e s te d  p e r  p rovenan ce  and 
t r e a tm e n t .
TABLE 11.1 F la rv e s t in g  S c h e d u le : T e m p e ra tu re  E x p e rim e n t 
w i th  K e s iy a  S e r ie s
H a rv e s t
S ch e d u le
Age [d a y s  s in c e  
T re a tm e n t
No. o f  
R e p lic a te s
T o ta l  No. o f  R e p l i ­
c a te s  H a rv e s te d
1 42 1 50
2 56 1 50
3 70 1 50
4 84 3 150
T re a tm e n t was commenced a t  a p p ro x im a te ly  30 days fa l lo w in g  
g e rm ina  t io n
P er p rovenan ce  p e r  t re a tm e n t
160
At each harvest the fallowing parameters were measured - 
stem height and diameter, the component oven dry weights of needles, 
branches, stems and roots. From these total plant weight, mean 
relative growth rate and leaf weight ratio (as % needle weight) 
were calculated. In the final harvest total number of branches 
and branch length were also measured and shoot root ratio and leaf 
weight ratio (as °/o needle weight) calculated. Measurement and 
calculation procedures were as outlined in Sections 8.5 and 8.7.
Analysis of variance (type II) was conducted on mean 
relative growth rate and net assimilation rate and on all final 
harvest data except component dry weights. In the analysis of the 
former two parameters, the average values of the final harvest, were 
used, giving four replicates per provenance and treatment, 
totalling 200 replicates. The analysis of the final harvest data 
was conducted on three replicates per provenance per treatment, 
totalling 150 plants. Mortality was negligible and replaced with 
spare seedlings whenever occurred.
To separate and evaluate the relative effects of day and 
night temperature on dry-matter production of the final harvest 
plants, a multiple regression analysis was also conducted (Section 
8.7.2).
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11 .3  RESULTS
R e s u lts  o f  th e  e x p e r im e n t a re  g iv e n  in  T a b le  1 1 .2  and 
F ig u re s  11 .2 a - e . A summary o f  th e  a n a ly s is  o f  v a r ia n c e  i s  g iv e n  
in  T a b le  1 1 .3  and means com pared w ith  D u n ca n 's  m u l t ip le  ra n g e  t e s t  
shown in  F ig u re  1 1 .1 .
11 .3 .1  G row th and P r o d u c t iv i t y
T here  was l i t t l e  p rovenan ce  v a r ia t io n s  in  d r y - m a t te r  
p ro d u c t io n  (DMP), r e l a t i v e  g ro w th  r a te  (RGR), h e ig h t  and d ia m e te r  
g ro w th  in  th e  K e s iy a  s e r ie s .  F iowever, th e  s o u th e rn  low  p rovenan ce  
(S L ) had lo w e r  v a lu e s  f o r  th e s e  p a ra m e te rs , e s p e c ia l ly  DMP and h e ig h t  
g ro w th  (F ig u re s  1 1 .2 a - d ) .  I n t e r e s t i n g l y ,  th e re  was l i t t l e  v a r ia t io n  
between th e  C o r d i l le r a  p ro ve n a n ce s  and no e v id e n c e  o f  an a l t i t u d i n a l  
t r e n d .  In  c o n t r a s t ,  an a l t i t u d i n a l  c l i n e  o f  in c re a s in g  g ro w th  w i th  
e le v a t io n  was g e n e r a l ly  c le a r  among Zam bales p ro ve n a n ce s  and s ig n i f i c a n t  
in  RGR a t  te m p e ra tu re s  w i th  th e  c o ld  n ig h t  re g im e  (1 0 °C ) , F ig u re  1 1 . 1 .
The m u l t ip le  re g re s s io n  a n a ly s is  shown in  T a b le  1 1 . 4  s u g g e s ts  
t h a t  v a r ia t io n  in  day te m p e ra tu re  was g e n e r a l ly  more i n f l u e n t i a l  on 
DMP th a n  v a r ia t io n  in  n ig h t  te m p e ra tu re .  The s ta n d a rd  p a r t i a l  
r e g re s s io n  c o e f f i c i e n t  f o r  day te m p e ra tu re  was 0.46G 2 as a g a in s t  0 .3 2 9 5  
f o r  n ig h t  te m p e ra tu re .  N o ta b ly ,  th e  lo w  p ro ve n a n ce s  o f  b o th  th e  
C o r d i l l e r a  and Zam bales s u b s e r ie s  (NL and SL) appea red  more s e n s i t iv e  
to  n ig h t  th a n  to  day te m p e ra tu re s  in  re v e rs e  to  th e  t re n d s  shown by 
th e  u ppe r p ro ve n a n ce s  (NM, NT and ST) .
G row th and p r o d u c t i v i t y  were g e n e r a l ly  g r e a te r  u n d e r warm er 
th a n  u n d e r c o ld e r  te m p e ra tu re s .  The p a ra m e te rs  how ever d i f f e r e d  
in  te m p e ra tu re  re sp o n se  p a t te r n s .  DMP was l i t t l e  a f fe c te d  by
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TABLE 11 .2  G row th  Response o f  S e e d lin g s  o f  P in u s  k e s iy a  
fro m  F iv e  A l t i t u d e s  to  V a r ia t io n  in  
Day and N ig h t  T e m p e ra tu re s
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TABLE 11.3 Summary of Analysis of Variance (Type II) of
Various Growth Parameters of Pinus kesiya 
Seedlings from Five Altitudes Grown Under Ten Day 
x Night Temperatures. Only Mean Values Given.
1 . All analysis was conducted on final harvest data of 114 
day old seedlings following 84 days of treatment. 
Exceptions were the ages of seedlings used in the 
calculation of mean RGR and NAR (refer Methods).
2. Significance levels: *5°/o, **1°/0 and *** G.1°/o.
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TABLE 11.3 (Cont'd)
Growth and Productivity
Source of 
Variation DF
Dry-Mat. 
Prod.
fql
Stem
Height
fcm]
Stem 
Diam. 
(mm)
DF Mean Relative Growth Rate 
fg/g/wk]
Provenance (P) 4 G.2137* 584* □.1579 4 0.0099***
Treatment (t ) 9 1.6410*** 9,916*** 3.1451*** 9 0.0214***
Harvest (h ) - - - - 3 0.0009
P x T 36 0.1383 289 0.1401 36 0.0021**
P x H - - - - 12 0.0008
T x H - - - - 27 0.0027**
Error 100 0.1245 341 0.1203 108 0.0012
Analysis of Productivity
DF Mean Net Assimi­lation Rate 
(g/g/wk)
DF Leaf'.Weight Ratio _
(g/g/)x10 Arcsin
Provenance (P) 4 0.0330*** 4 3.8809
Treatment (t ) 9 0.0394*** 9 27.0621***
Harvest (h ) 3 0.0029 - -
P x T 36 0.0062 36 5.0964
P x H 12 0.0044 — -
T x H 27 0.0073 - -
Error 108 0.0047 100 4.2354
Branch Growth and Shoot:Root Ratio
DF
Number of 
Branches
Branch
Length
(cm]
Shoot:Root 
Ratio 
(cf/n)
Provenance (P) 4 9.8767 4,419 0.4040*
Treatment (T) 9 129.1526*** 55,786*** 3.6863***
P x T 36 8.7211 5,104 0.2499
Error 100 15.3400 8,467 0.2154
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TABLE 11.4 Multiple Regression Analysis of Plant Dry
Weight of Pinus kesiya Seedlings at 84 Days 
Following Temperature Treatment and 114 Days 
After Germination.
Provenance Day Temp.-fp)
Night Temp.* 
fNl R
Cordillera Top (NT) 0.4767 0.3445 0.6208
Cordillera Mid (NM) 1.2782 0.1456 0.6061
Cordillera Low (NL) 0.3695 0.6669 0.7991
Zambales Top fST)
Zambales Low (SL)
0.5701 0.0720 0.5835
0.4035 0.4207 0.5835
All Provenances 0.4602 0.3295 0.5976
R = Multiple Regression Coefficient W = Dry Weight 
(* )= Standard Partial Regression Coefficient
Regression Equations Number of Seedlings
NT W 0.04250 + 0.0230N _ 0.3179 12
NM W 0.0379D + 0.0068N + 0.1262 12
NL w =r 0.0284D + 0.0361N - 0.1974 12
ST w = 0.0405D + 0.0036N + 0.2491 12
SL w = 0.0316D + 0.0232N - 0.1514 12
All w = 0.367D + 0o0185N - 0.0583 60
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FIGURE 11.1 M u l t ip le  Range l e s t  o f  Means o f  G row th P a ra m e te rs  
o f  P in u s  k e s iy a  S e e d lin g s  fro m  F iv e  A l t i t u d e s  
Grown U nder le n  Day x N ig h t  te m p e ra tu re  
C o m b in a tio n s : R e la t iv e  V a lu e s  G iv e n .
1. G row th p a ra m e te rs : Means o f  a l l  g ro w th  p a ra m e te rs  were
c a lc u la te d  fro m  f i n a l  h a rv e s t  d a ta  o f  114 day o ld  
s e e d l in g s ^ J ^ l lo w in g  84 days o f  t r e a tm e n t .  E x c e p tio n s  
were th e  c a lc u la t io n s  o f  mean RGR and NAR ( r e f e r  M e th o d s ) .
2 .  R anking  o f  means: In  d e sce n d in g  o rd e r  fro m  h ig h e s t  a t
th e  to p  to  s m a l le s t  a t  th e  b o tto m .
3 . D u n ca n 's  m u l t ip le  ra n g e  t e s t :  Means n o t co n n e c te d  by
v e r t i c a l  l i n e  o r  in  th e  case o f  mean RGR o c c u r r in g  
o u ts id e  p a ire d  l e t t e r s  (a—a , b—b, c—c e t c .  in  v e r t i c a l  
o r d e r )  a re  s i g n i f i c a n t l y  d i f f e r e n t  a t  5% l e v e l .
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a . D ry -M a t te r  P ro d u c t io n b . Mean R e la t iv /e  G row th R ate
ls d  5°/o
e . Mean Met A s s im i la t io n  R ate
.58,-
.00 I______ L________ I________I________I
SL ST NL NM NT
FIGURE 11.2 G row th Response o f  S e e d lin g s  o f  P in u s  k e s iy a  to  
V a ry in g  Day and N ig h t  T e m p e ra tu re s . Zam bales 
(S o u th e rn )  Low (S L) and H igh  (S T ) A l t i t u d e  P ro ve n a n ce . 
C o r d i l l e r a  (N o r th e rn )  Low (N L ), M id d le  (NM) and H igh  
(NT) A l t i t u d e  P ro ve n a n ce .
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te m p e ra tu re  v a r ia t io n  in  th e  warm and m ild  day re g im e s  [21 and 27°C ) 
w h i l s t  h e ig h t  g ro w th  was h ig h ly  s e n s i t iv e  to  te m p e ra tu re  v a r ia t io n  
[F ig u r e  1 1 . 1 ) .  S ig n i f i c a n t  p rovenan ce  x te m p e ra tu re  in t e r a c t io n  
in  RGR o c c u rre d  a t  th e  0.1% l e v e l .  RGR's in  NM and ST were l i t t l e  
changed by te m p e ra tu re  w h i l s t  SL was m ost re s p o n s iv e  to  te m p e ra tu re  
v a r i a t i o n .
1 1 . 3 . 2  A n a ly s is  o f  P r o d u c t iv i t y
There  was l i t t l e  v a r ia t io n  in  n e t a s s im i la t io n  r a te  [NAR] and 
l e a f  w e ig h t r a t i o  [LWR) between p ro ve n a n ce s  e x c e p t f o r  th e  s i g n i f i c a n t l y  
low  NAR v a lu e  in  th e  s o u th e rn  lo w  p rovenan ce  [Sl_) .  An a l t i t u d i n a l  
t r e n d  in  b o th  NAR and LWR was n o t e v id e n t  in  th e  C o r d i l le r a  
p ro ve n a n ce s  w hereas a marked t r e n d  o f  in c re a s e d  NAR w ith  a l t i t u d e  was 
e v id e n t  in  th e  Zam bales p ro ve n a n ce s  [F ig u r e  1 1 . 2 e ) .
In  th e  Zam bales p ro v e n a n c e s , s i g n i f i c a n t  RGR d i f f e r e n c e s  a t  
te m p e ra tu re s  w i th  th e  c o ld  n ig h t  re g im e  [1 0 °C ) were due t o  v a r ia t io n s  
in  b o th  NAR and LWR v a lu e s .  A t 2 7 /lO °C  f o r  exam p le , th e  h ig h e r  RGR 
in  ST r e l a t i v e  to  SL was due t o  th e  s l i g h t l y  h ig h e r  v a lu e s  in  b o th  
NAR and LWR.
In  th e  warm er re g im e s  a t  2 1 /1 6 , 2 1 /2 2  and 2 7 /2 8 °C , NAR 
appea red  more im p o r ta n t  th a n  LWR in  d e te rm in in g  a l t i t u d i n a l  t re n d  in  
RGR. F o r exam p le , a t  2 1 /22 °C  th e  lo w e r  LWR v a lu e  in  ST r e l a t i v e  to  
SL was o f f s e t  by a h ig h e r  NAR w h ich  a cco u n te d  f o r  th e  s l i g h t l y  h ig h e r  
RGR in  ST.
In  th e  C o r d i l l e r a  p ro v e n a n c e s , NAR was s i m i l a r l y  im p o r ta n t  
in  d e te rm in in g  p rovenan ce  v a r ia t io n  in  RGR in  th e  warm er te m p e ra tu re  
re g im e s . F o r exam p le , a t  th e  2 1 /1 6 , 2 7 /1 6  and 2 7 /28 °C  re g im e s ,
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interprovenance trends in NAR paralelled those for RGR (Table 11.2) 
in contrast to the trends in LWR. At other regimes however,
(e.g., 27/10 and 21/10°C) LWR was also important in determining RGR.
11.3.3 Branch Growth
There was no significant variation in branch number and 
length between provenances. The Zambales provenances however tended 
to exhibit better branch growth than the Cordillera provenances 
(Table 11.2). Branching was generally promoted by warmer temperatures 
and decreased by colder temperatures as generally evident in the 
growth and productivity parameters (Figure 11 .1 ).
11.3.4 Shoot:Root Ratio
There was little provenance variation in shoot:root ratio 
except for the significantly low value in the northern middle 
provenance (NM). Shoot:root ratio was generally highest in the 
warmer regimes and lowest in the colder regimes (Figure 11.1).
11.3.5 Summary
1. Growth and Productivity
There was little variation in growth and productivity between 
provenances except for the generally low growth performance in the 
southern low provenance (SL). Accordingly, an altitudinal trend is 
not apparent among the Cordillera provenances (NL, NM, NT) but 
strongly expressed between the two Zambales provenances (SL and ST).
All provenances generally grew best under warmer temperatures 
and worst under cooler temperatures. DMP appeared sensitive to
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day te m p e ra tu re  and was g e n e r a l ly  h ig h  u n d e r m ild -w a rm  day re g im e s  
(21 and 27°C ) i r r e s p e c t iv e  o f  n ig h t  te m p e ra tu re  v a r ia t i o n .
2 . A n a ly s is  o f  P r o d u c t iv i t y
In  b o th  th e  C o r d i l l e r a  and Zam bales p ro ve n a n ce s , NAR tended  
t o  be im p o r ta n t  in  d e te rm in in g  RGR in  th e  warm er te m p e ra tu re s  w h i l s t  
LWR was a ls o  im p o r ta n t  a t  th e  c o o le r  te m p e ra tu re s .
3 . B ranch  G row th
B ranch g ro w th  was l i t t l e  a f fe c te d  by te m p e ra tu re  v a r ia t io n  
between p ro ve n a n ce s  a lth o u g h  th e  Zam bales p rovenan ces  g e n e r a l ly  tended  
to  e x h ib i t  b e t t e r  g ro w th .
4 . S h o o t:R o o t R a t io
There  was l i t t l e  p rovenan ce  v a r ia t io n  in  s h o o t : r o o t  r a t i o  
e x c e p t f o r  th e  g e n e r a l ly  s i g n i f i c a n t l y  low  v a lu e  in  th e  NM p ro ve n a n ce .
11 .4 DISCUSSION
The o r ig in  o f  seed so u rc e  a p p e a rs  im p o r ta n t  in  e x p la in in g  
v a r ia t io n  in  th e  C o r d i l l e r a  and th e  Zam bales s u b s e r ie s .  Seeds o f  
th e  C o r d i l l e r a  p ro ve n a n ce s  were sam pled from  w i t h in  th e  a l t i t u d i n a l  
ra n g e  o f  optim um  g ro w th  (1500  -  2200m) g e n e r a l ly  o b se rve d  in  th e  
f i e l d  (se e  A p p e n d ix  I V ) .  The e n v iro n m e n ta l c o n d i t io n s  in  t h i s  range  
a re  t y p i c a l  o f  th e  fo g -d o m in a te d  m ontane e n v iro n m e n t c o n s id e re d  
fa v o u ra b le  to  th e  g ro w th  o f  P. k e s iy a  ( T u r n b u l l ,  1 9 7 1 ). The la c k  
o f  a l t i t u d i n a l  t re n d  between C o r d i l le r a  p rovenan ces  may th u s  be
a t t r i b u t e d  to  th e  c h a r a c t e r i s t i c a l l y  u n ifo rm  m ontane e n v iro n m e n t.
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Seed s o u rc e s  o f  th e  Zam bales p ro ve n a n ce s  o r ig in a te d  from  
n e a r th e  a l t i t u d i n a l  l i m i t s  o f  d i s t r i b u t i o n .  The p o o re r  g ro w th  
p e rfo rm a n c e  in  SL r e la t i v e  to  ST p ro b a b ly  in d ic a te  i t s  a d a p ta t io n  
t o  e n v iro n m e n ta l c o n d i t io n s  m a rg in a l to  th e  s p e c ie s  as found  n e a r th e  
minimum a l t i t u d e s .  I n t e r e s t in g ly  how eve r, g ro w th  p e rfo rm a n ce  in  
ST does n o t s u g g e s t an a d a p ta t io n  to  l i m i t i n g  e n v iro n m e n ta l c o n d i t io n s  
d e s p ite  i t s  o r ig in  from  n e a re r  th e  maximum a l t i t u d e s  o f  d i s t r i b u t i o n .  
I t s  s i m i l a r i t y  in  g ro w th  p e rfo rm a n ce  to  th o s e  o f  th e  C o r d i l l e r a  
p ro ve n a n ce s  c o u ld  s u g g e s t th e  a l t i t u d i n a l  ra n g e  f o r  optim um  g ro w th  
o b se rve d  on th e  C o r d i l le r a s  may be d ep ressed  to  lo w e r  a l t i t u d e s  on th e  
s m a l le r  Zam bales m o u n ta in s  due to  th e  M o u n ta in  Mass E le v a t io n  E f f e c t  
(se e  S e c t io n  2 . 2 . 1 ) .
The s i m i l a r i t y  in  g ro w th  p e rfo rm a n ce  between ST and th e  
C o r d i l l e r a  p ro ve n a n ce s  i s  n o ta b le  in  v ie w  o f  t h e i r  d is ju n c t  
d i s t r i b u t i o n .  I t  s u g g e s ts  t h a t  r a c ia t io n  between g e o g r a p h ic a l ly  
d is ju n c t  seed s o u rc e s  o f  e q u iv a le n t  a l t i t u d e  may be a b s e n t o r  w e a k ly  
e x p re sse d  d e s p ite  g e n e t ic  d i s c o n t in u i t y .  In  c o n t r a s t ,  r a c ia t io n  
may be more marked between seed s o u rc e s  w id e ly  s e p e ra te d  a lo n g  a 
common a l t i t u d i n a l  t r a n s e c t ,  as between SL and ST, d e s p ite  a c o n t in u o u s  
d i s t r i b u t i o n  and p ro b a b le  g e n e t ic  c o n t in u i t y .
I t  i s  c le a r  t h a t  te m p e ra tu re  i s  n o t a l i m i t i n g  f a c t o r  to  th e  
d i s t r i b u t i o n  o f  P. k e s iy a  as a p p a re n t from  th e  h ig h  p r o d u c t i v i t y  
m a in ta in e d  un d e r re g im e s  n o t n o rm a lly  fo u n d  w i t h in  th e  s p e c ie s  n a tu r a l  
ra n g e  ( e . g . ,  2 7 /2 8 ° C ) .  I t  i s  undoub ted  th a t  f i r e  i s  im p o r ta n t  
in  d e te rm in in g  th e  n a tu r a l  ra n g e  o f  th e  s p e c ie s  s in c e  th e  p in e  f o r e s t  
i s  b a s ic a l l y  a f i r e - s u b c l im a x  (K o w a l, 1 9 6 6 ).
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T e m p e ra tu re  i s  however p ro b a b ly  im p o r ta n t  in  in t r a s p e c ie s  
d i s t r i b u t i o n  o f  P. k e s iy a  m a in ly  th ro u g h  i t s  e f f e c t  on RGR.
V a r ia t io n  in  RGR i s  c le a r  in  th e  Zam bales p rovenan ces  where th e  
a l t i t u d i n a l  t re n d  i s  marked (F ig u re  1 1 . 1 ) .  RGR in  th e  low  p rovenan ce  
(S L ) was d i s t i n c t l y  s e n s i t iv e  to  c o ld  te m p e ra tu re s  e s p e c ia l ly  th o s e  
w i th  th e  c o ld  n ig h t  re g im e  (1 0 ° C ) .  T h is  i s  p ro b a b ly  r e f le c t e d  on 
p r o d u c t i v i t y  as su g g e s te d  by r e s u l t s  fro m  th e  m u l t ip le  r e g re s s io n  
a n a ly s is  (T a b le  1 1 . 3 ) .  In  c o n t r a s t ,  th e  to p  p rovenan ce  ( S T ) was 
g e n e r a l ly  u n a f fe c te d  by te m p e ra tu re  v a r i a t i o n .  T h is  may su g g e s t 
t h a t  SL w ou ld  be a t  a c o m p e t i t iv e  d is a d v a n ta g e  i f  i t  w ere to  c o -o c c u r  
w i th  ST s in c e  c o ld e r  te m p e ra tu re s  a re  more f r e q u e n t  a t  th e  u p p e r 
e le v a t io n s .
I t  i s  p ro b a b le  t h a t  te m p e ra tu re  may n o t be im p o r ta n t  in  
c h e c k in g  th e  downward e x te n s io n  o f  ST in  i t s  n a tu r a l  ra n g e .
P o t e n t ia l l y ,  ST can c o -o c c u r  w i t h  SL a t  lo w e r  e le v a t io n s  s in c e  b o th  
p ro ve n a n ce s  m a in ta in e d  h ig h  RGR u n d e r warm te m p e ra tu re s  ( e . g . ,  2 7 /2 8 °C , 
F ig u re  11.1 ) .  O th e r  e n v iro n m e n ta l f a c to r s  b e s id e s  te m p e ra tu re  
may be l i m i t i n g  to  v e g e ta t iv e  g ro w th .  F o r exam p le , th e  o c c u rra n c e  
o f  d e s s ic a t io n  p e r io d s  has been re p o r te d  a t  lo w e r  e le v a t io n s  
( T u r n b u l l , 1971 ) .
In  th e  c h o ic e  o f  p rovenan ce  f o r  p la n t a t io n ,  th e  seed s o u rc e s  
te s te d  in  th e  e x p e r im e n t a re  s u i t a b le  on th e  b a s is  o f  DMP e x c e p t f o r  
th e  le s s  p ro d u c t iv e  SL p ro v e n a n c e . I f  RGR is  a ls o  in c lu d e d  in  th e  
c r i t e r i a ,  NM and ST a re  p r e fe r r e d  o v e r  th e  o th e rs  s in c e  b o th  can be grown 
o v e r  a w id e r  te m p e ra tu re  ra n g e  w ith o u t  a p p re c ia b ly  a f f e c t in g  g ro w th  
r a t e  (F ig u re  1 1 . 1 ) .
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The lo c a t io n  o f  p la n ta t io n  i s  im p o r ta n t  s in c e  g ro w th  and 
p r o d u c t i v i t y  a re  c l e a r l y  a f fe c te d  by v a r ia t io n s  in  te m p e ra tu re .  F o r 
h ig h  p r o d u c t i v i t y  i t  i s  su g g e s te d  p la n ta t io n s  s h o u ld  be lo c a te d  in  
a re a s  w ith  day re g im e s  warm er th a n  15°C w h i l s t  n ig h t  te m p e ra tu re  can 
be as lo w  as 1G°C. H ow ever, to  m a in ta in  good stem  g ro w th  (b o th  in  
h e ig h t  and d ia m e te r )  p la n ta t io n s  s h o u ld  p e rhaps  be s i t e d  w i t h in  a 
n a rro w e r  te m p e ra tu re  range  o f  between 21 -27°C  day te m p e ra tu re s  and 
16-28°C  n ig h t  te m p e ra tu re s .
As n o te d  e a r l i e r ,  te m p e ra tu re  may n o t be im p o r ta n t  to  vege­
t a t i v e  g ro w th  a t  th e  minimum a l t i t u d e s  o f  d i s t r i b u t i o n  a lth o u g h  
p e rfo rm a n c e  in  th e  warm er te m p e ra tu re s  i s  g e n e r a l ly  h ig h  in  th e  
e x p e r im e n t.  F ie ld  s tu d ie s ,  com plem ented w i th  in v e s t ig a t io n s  in t o  
th e  r o le  o f  o th e r  e n v iro n m e n ta l f a c to r s  in  c o n t r o l le d  e x p e r im e n ts , 
a re  th e r e fo r e  n e c e s s a ry . F o r t h i s  re a so n  e x t r a p o la t io n  o f  f i e l d  
p e rfo rm a n c e  m ust be c o n s e r v a t iv e .
I t  i s  d e s ir a b le  in  p la n ta t io n  programmes to  s e le c t  p rovenan es  
w i th  h ig h e r  g ro w th  r a t e s .  S e le c t io n  f o r  t h i s  t r a i t  i s  g e n e r a l ly  
in c o rp o ra te d  in  th re e  im provem ent program m es. In  P. k e s iy a  th e  
b a s is  f o r  im provem ent o f  g ro w th  r a te  between p ro ve n a n ce s  te s te d  
d i f f e r s  between te m p e ra tu re s .  The r e s u l t s  s u g g e s t t h a t  a t  warm er 
te m p e ra tu re s ,  s e le c t io n  f o r  a h ig h  NAR is  p ro b a b ly  im p o r ta n t  in  
in c re a s in g  RGR w hereas a t  lo w e r  te m p e ra tu re s  th e  s e le c t io n  f o r  b o th  
h ig h  NAR and LWR a re  c o n s id e re d  im p o r ta n t .
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CHAPTER 12
EFFECTS OF FROST ON SEEDLINGS OF EUCALYPTUS DECAI5NEANA
12.1  INTRODUCTION
The o c c u rra n c e  o f  f r o s t  on t r o p i c a l  h ig h la n d  i s  g e n e r a l ly  
known (R ic h a rd s ,  1 9 6 4 ). Know ledge o f  i t s  in f lu e n c e  on th e  f l o r a  
o f  th e s e  a re a s  i s  how ever la c k in g .  I t  has been s u g g e s te d  by 
H o ld r id g e  e t . , a l . , (1971 ) t h a t  f l o r i s t i c  c o m p o s it io n  i s  m a rk e d ly  
changed a c ro s s  th e  f r o s t  l i n e  (S e c t io n  3 .5 .1 ,  F ig u re  3 . 2 ) .  W hether 
f r o s t  e f f e c t  i s  d is c e rn a b le  a t  th e  in t r a s p e c ie s  le v e l  i s  g e n e r a l ly  
unknow n•
E . d e ca isn e a n a  i s  an exam ple o f  a t r o p i c a l  b road  le a v e d  s p e c ie s  
whose d i s t r i b u t i o n  t ra n s v e rs e s  th e  f r o s t  l i n e .  O c c a s io n a l f r o s t  i s  
re c o rd e d  a t  th e  u ppe rm ost seed s o u rc e , ET, w h i le  no f r o s t  o c c u r  a t  
th e  a l t i t u d e s  o f  th e  lo w e r  seed s o u rc e s  ( T u r n b u l l ,  p e r s .  com m .).
S tu d ie s  on c l i n a l  p o p u la t io n s  o f  te m p e ra te  E u c a ly p ts  have been re p o r te d  
(P r y o r ,  1957; A s h to n , 1958; Boden, 1 9 5 8 ). S im i la r  s tu d ie s  on t r o p i c a l  
E u c a ly p ts  have n o t been co n d u c te d  to  d a te .  I n  th e  f o l lo w in g  e x p e r im e n t 
th e  p r o b a b i l i t y  o f  in t r a - s p e c ie s  d i f f e r e n c e s  in  f r o s t  e f f e c t  on 
E . d e ca isn e a n a  i s  e xam ined .
1 2 .2  MATERIALS AND METHODS
F o u r week o ld  s e e d l in g s ,  e s ta b l is h e d  u n d e r th e  s ta n d a rd  
e s ta b l is h m e n t  p ro c e d u re  d e ta i le d  in  S e c t io n  8 .8 .2  were c o n d it io n e d  
f o r  f r o s t  s tu d ie s  a t  1 5 /10°C day and n ig h t  te m p e ra tu re  fro m  tw e lv e  to
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seventeen weeks (from 16/8/74 to 1l/l2/74) between frost runs (Table 
12.1). A conditioning period was considered necessary since tropical 
species are generally frost sensitive. There were only a limited 
number (about 135) of seedlings available for frost treatment. As 
the response to any one treatment could not be anticipated the available 
plants were divided into three separate groups for seperate frost 
treatments. This gave fourteen plants per treatment per provenance, of which 
four were selected at random and used as untreated controls.
Frost treatment facilities available at CERES phytotron 
have been described by Morse and Evans (1962). Frost temperature 
was maintained within an accuracy of +0.5°C by a thermostat device.
The latter adjusts temperature drifts within cycles of 10 minutes and 
a continuous temperature record is kept on a running chart. Light 
was switched off during frost run and wind speed was kept minimal.
Prior to each treatment a dummy run was made to test accuracy of the 
frost temperature.
Cell water content is important in influencing frost injury 
(Mazur, 1969). To minimise differences, seedlings were watered 
approximately one hour before treatment and free surface moisture 
dried. In addition, to minimise further moisture loss through 
transpiration seedlings were kept under condition of high humidity 
until treatment commenced.
For frost runs, seedlings were closely packed, in a random 
arrangement, in two frost boxes (84cm x 69cm x 37cm) and buried up to 
the level of root collar in dry perlite to protect roots from frost 
damage. Spaces were allowed between seedlings and box walls for free
air circulation
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The boxes were placed centrally, with intervening space, 
in the frost room at about fifteen minutes before treatment to allow 
the temperature to stabilise. At the end of treatment the cooling 
device was automatically switched off and temperature allowed to drift 
upwards to a stable level. Seedlings were then removed back to the 
15/10°C glasshouse and immediately watered. Normal watering and 
nutrient regime were continued throughout the recovery period.
Details of the frost treatments are shown in Table 12.1.
The period of recovery, twelve days, was determined visually in the 
first run and maintained in subsequent runs. Visual estimates of 
frost injury in the first run prompted the reduction of treatment 
duration from twelve to six hours for the second run. The treatment 
was repeated in the third frost run.
TABLE 12.1 Frost Treatments: Eucalyptus Series
Run 
No • Treatment
Time/date of Frost Run Age since 
germination 
(weeks)
Conditioning 
period under 
15/1 CPC 
(weeks)
1 -1°/l2hrs 2100hrs 7/11/74 16 12
2 -1°/ 6hrs 2100hrs 14/1l/74 17 13
3 -1°/ 6hrs 2130hrs 11/12/74 21 17
Frost injury was measured in terms of the percentage ratio 
of dry weight:fresh weight of leaves (R) at the end of the recovery 
period (after Paton, 1972). Later studies have shown R to be a 
reliable index of frost injury (for example, Awe and Shepherd, 1975). 
R was calculated according to the formula;
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R = Dry weight of leaves
Fresh weight of leaves
The magnitude of R may be affected by moisture status of 
leaves during weighing and by dry matter increment following recovery. 
Moisture status in harvested leaves is particularly important since 
differences in fresh weight of leaves affect value of R especially 
when injuries are severe. To avoid moisture stress developing during 
harvest, seedlings were watered, drained and kept in the /15/1Q°C 
glasshouse where Relative Humidity at night exceeds ninety percent. 
Seedlings were taken out individually, leaves stripped and carefully 
dried before weighing. Leaves shed following treatment were also 
included in the weighing.
Normal dry matter increment is resumed following the critical 
recovery period beyond which R is increasingly distorted (Paton, 1972). 
Because of the shortage of seedlings quantitative determination of the 
recovery period was not attempted. It was assumed differences in 
increment of dry matter were small in the cold ambient temperature 
(150/10°C) in which seedlings were kept.
Untreated control plants were first analysed for intra­
species differences in R values before the actual analysis of treated 
plants. Whether such differences occur in untreated provenances
was not apparent from previous studies
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12.3 METHOD OF ANALYSIS AND RESULTS
R values for the untreated control plants varied between 24 
and 34°/o. A standard value for untreated control plants was defined 
therefore as 30% and the final adjusted frost injury figures were 
calculated:
Adjusted Frost Injury, Rf = ■2— x 30HC
where, R^ is the mean R value of the control plant for 
the particular treatment.
Analysis of variance of the transformed (arcsin) R values
of the control plants alone (Table 12.2) showed significant provenance
(p > 0.1%) and provenance x treatment differences (p>5°/0). Accordingly
a common R value could not be used for all seedlings. A mean R c 3 c
value was calculated from the four control seedlings within each provenance 
and treatment and this R^ value used to calculate the Adjusted Frost 
Injury for the corresponding treated seedlings of the same provenance 
in the same treatment.
To demonstrate the importance of adjusting the R value to 
accord with the controls, where intra-species differences do exist 
between the controls, adjusted and non-adjusted R values were 
analysed and compared. Table 12.3 summarizes the analysis of variance 
results for both R values. The means of R* values are shown in 
Table 12.4,
There is clearly a considerable difference between adjusted 
and non-ad justed values of R (-Table 12.3). Differences between 
treatments are significant (p>0.1%) in both values. But provenance
TABLE 12 .2 A n a ly s is  o f  V a r ia n c e  o f  R V a lu e s  in  Un t re a te d  
C o n tro l P la n ts :  E u c a ly p tu s  S e r ie s
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S ource DF Mean Square
«p <
1. P rovenance 2 52*8154
tt-'M'r
2 .  T re a tm e n t 2 3 .0 9 4 7
3 . P ro v . x T re a tm e n t 4 11 .6428
-fr
4 .  E r r o r 27
T o ta l 35
S ig n i f ic a n c e  le v e l :  *5°/o, ***0 .1 °/o .
TABLE 12 .3  A n a ly s is  o f  V a r ia n c e  o f  T re a te d  P la n ts  f o r
A d ju s te d  and U n a d ju s te d  R V a lu e s ’  E u c a ly p tu s  S e r ie s
S ource DF U n a d ju s te d  R A d ju s te d  RMean Square Mean Square
1 . P rovenance 2 185.0674 1 4 4 6 .1 1 0 4 ***
2 .  T re a tm e n t 2 1 0 1 2 .3 2 6 2 ** * 1 8 1 3 .4 1 2 1 ***
3 .  P ro v . x T re a tm e n t 4 3 2 .3 1 4 9 4 2 1 .4 7 3 1 * *
4 .  E r r o r 81 8 3 .6 6 9 4 .3 5 1 6
T o ta l 89
S ig n i f ic a n c e  L e v e l:  *5%, **1°/0, and ***0 .1 °/o .
TABLE 12 .4  Means o f  A d ju s te d  R V a lu e s  (%) o f  T re a te d  P la n ts :  
E u c a ly p tu s  S e r ie s
P rovenance T re a tm e n t 1 T re a tm e n t 2 T re a tm e n t 3 P ro v . R
- 1 ü C /1 2 h rs -1 ° C /6 h rs - 1 uC /6 h rs
Low (L ) 71 .1 51 .3 5 4 .8 5 9 .2
M id d le  (M) 9 4 .6 6 3 .9 5 9 .5 75 .1
Tap (T ) 5 8 .0 4 3 .9 5 6 .5 5 2 .8
T re a tm e n t R 7 6 .8 5 3 .1 5 7 .0
D uncan ’ s M u l t ip le  Range T e s t
Means n o t  co n n e c te d  by a h o r iz o n ta l  l i n e  a re  s i g n i f i c a n t l y  d i f f e r e n t  
a t  5% l e v e l .  L,M and T a re  Low, M id d le  and Top a l t i t u d e  p ro ve n a n ce s  
r e s p e c t iv e ly .  Numbers in d ic a te  f r o s t  t r e a tm e n t .
M1 L I M2 M3 T 1 T3 L3 L2 T2
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d if f e r e n c e s  and p rovenan ce  x t r e a tm e n t in t e r a c t io n  a re  s i g n i f i c a n t  
in  R ' ( r e s p e c t iv e ly  p ^ O .1 %  and p )>1%) b u t n o t in  R.
C om parison o f  p rovenan ce  x t re a tm e n t means (R* v a lu e s )  u s in g  
D u n ca n 's  M u l t ip le  Range t e s t  (T a b le  1 2 .4 )  showed p rovenan ce  d i f f e r e n c e s  
w ere g r e a te s t  in  th e  f i r s t  t re a tm e n t where f r o s t  e xp o su re  was 12 h o u r s 
(T a b le  1 2 . 1 ) .  In  t h i s  t r e a tm e n t  f r o s t  i n j u r y  was s i g n i f i c a n t l y  more 
s e v e re  in  th e  s e e d lin g s  o f  th e  m id d le  a l t i t u d e  p rovenan ce  (R = 94.6% ) 
th a n  in  th e  s e e d lin g s  o f  th e  o th e r  p ro v e n a n c e s . S e e d lin g s  o f  th e  to p  
p rovenan ce  were le a s t  in ju r e d  (R ' = 58.0% ) b u t d id  n o t d i f f e r  
s i g n i f i c a n t l y  from  s e e d lin g s  o f  th e  lo w  p rove n a n ce  (R ' = 71 .7% ).
In  subsequ en t t re a tm e n ts  p rovenan ce  d i f f e r e n c e s  were le s s  
d i s t i n c t .  F ro s t  i n j u r y  was a lw a ys  g r e a te s t  in  s e e d lin g s  o f  th e  
m id d le  a l t i t u d e  p rovenan ce  (T a b le  1 2 . 4 ) .  The d i f f e r e n c e  was e s p e c ia l ly  
a p p a re n t in  th e  second t re a tm e n t  where s i g n i f i c a n t  d i f f e r e n c e s  in  
f r o s t  i n j u r y  o c c u rre d  between s e e d lin g s  o f  th e  m id d le  and to p  
p ro v e n a n c e s .
I t  a ls o  a p p e a rs  w i th  th e  m a te r ia l  used in  th e  e x p e r im e n t t h a t  
R is  in d e p e n d e n t o f  s e e d lin g  s iz e  as su g g e s te d  by P a ton  (1 9 7 2 ) .
S e e d lin g s  between th e  second and t h i r d  f r o s t  ru n  d i f f e r e d  in  age and 
s iz e  b u t n o t in  f r o s t  t r e a tm e n t  (T a b le s  1 2 . 1 ,  1 2 . 4 ) .  N e v e r th e le s s ,  
th e  d i f f e r e n c e  in  f r o s t  i n j u r y  between th e  two t re a tm e n ts  in  a l l  
p ro ve n a n ce s  was n o t s i g n i f i c a n t .  S im i la r l y ,  th e re  was no s i g n i f i c a n t  
d i f f e r e n c e  in  R v a lu e s  o f  c o n t r o l  p la n ts  between f r o s t  ru n s  in  s p i t e  
o f  th e  d i f f e r e n c e s  in  s iz e  due to  th e  la p s e  o f  f i v e  weeks between 
th e  f i r s t  and t h i r d  ru n  (T a b le s  1 2 . 1 ,  1 2 . 2 ) .
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12 .4  DISCUSSION
W ith in  s p e c ie s  d i f f e r e n c e s  in  f r o s t  r e s is te n c e  o c c u r  in  
E u c a ly p tu s  d e c a is n e a n a . S e e d lin g s  fro m  th e  m id d le  a l t i t u d e  p rovenan ce
ten d e d  to  be more s u s c e p t ib le  to  f r o s t  i n j u r y  th a n  s e e d lin g s  fro m  
th e  u p p e r o r  lo w e r  a l t i t u d e  seed s o u rc e s . I n t e r e s t i n g l y ,  s e e d lin g s  
fro m  th e  h ig h e s t  p ro ve n a n ce , w h i le  b e in g  th e  m ost f r o s t  r e s i s t a n t ,  
do n o t d i f f e r  fro m  lo w  p rove n a n ce  s e e d lin g s  u n d e r th e  f r o s t  c o n d i t io n s  
t e s t e d .
I t  a p p e a rs  t h a t  th e  f a c t o r  o r  f a c t o r s  re s p o n s ib le  f o r  f r o s t  
to le r a n c e  a re  n o t n e c e s s a r i ly  c o r r e la te d  w ith  a l t i t u d e .  C o n d it io n s  
in d u c in g  f r o s t  to le ra n c e  w i t h in  th e  p o p u la t io n  a p p e a r r e l a t i v e l y  
i n e f f e c t i v e  in  th e  m id d le  a l t i t u d e s  b u t n o t in  th e  u p p e r and lo w e r  
a l t i t u d e s .
T h is  a g re e s  w ith  th e  r e s u l t s  o f  s im i l a r  s tu d ie s  on 
E u c a ly p tu s  s p e c ie s .  S tu d ie s  on E u c a ly p tu s  v im in a l is  a ls o  showed 
lo w e r  and h ig h e r  a l t i t u d e  seed s o u rc e s  were more f r o s t  r e s is t a n t  th a n  
a m id d le  a l t i t u d e  s o u rc e  (P a to n , 1 9 7 2 ). A c l i n a l  p a t te r n  was how ever 
e v id e n t  above a c e r t a in  c r i t i c a l  a l t i t u d e .  Such a p a t te r n  may be 
a p p a re n t in  E u c a ly p tu s  d e ca isn e a n a  i f  a g r e a te r  number o f  s a m p lin g s  
fro m  th e  u p p e r a l t i t u d e s  o f  d i s t r i b u t i o n  were te s te d .
The c h o ic e  o f  p ro ve n a n ce  w i t h in  s p e c ie s  w h ich  d i f f e r  in  
f r o s t  r e s is ta n c e  may be im p o r ta n t  above th e  f r o s t  l i n e .  I n  th e  
e s ta b lis h m e n t o f  p la n ta t io n s  n e a r o r  above th e  f r o s t  l i n e  th e  c h o ic e
f o r  f r o s t  to le ra n c e  s h o u ld  be c o n s id e re d
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CHAPTER 13
THE EFFECTS OF LIGHT INTENSITY ON THE GROWTH OF 
EUCALYPTUS DECAISNEANA SEEDLINGS
13.1 INTRODUCTION
Light intensity reaching the seedling layer of tropical 
highland stands vary greatly between altitudinal vegetation zones.
The major factor regulating zonal light intensity is fog which markedly 
reduces light intensity (see Table 3.3, Section 3.4.1) and generally 
exerts a dampening influence on its annual variation pattern (Brown, 
1919). Thus, in the montane zones where fog is frequent, light 
intensity is lower than that in the lowlands (Beard, 1946).
Zonal variation in stand structure, specifically variation 
in the amount of upper canopy foliage, further modify light intensity 
at the seedling level. The more compact canopy foliage of the 
Lowland Rain Forest and Lower Montane Rain Forest stands cuts off more 
light reaching the floor than the relatively more open canopy of the 
Upper Montane Rain Forest stand (Grubb and Whitmore, 1966; Baynton,
1968).
It is possible that E. decaisneana seedlings are conditioned 
to differences in light intensity within its natural range since 
variation in both fog frequency and stand structure occurs between 
altitudes (Appendix IV). Whether this conditioning is strong enough 
to cause intraspecies differences in growth response to different levels 
of light intensity is examined in this experiment.
13.2 MATERIALS AND METHODS
The e x p e r im e n t was co n d u c te d  a t  CERES p h y to t r o n  w ith  seed 
s o u rc e s  s u p p lie d  by th e  F o re s t  R esearch  I n s t i t u t e  in  C an b e rra  (seed 
l o t  num bers; s10135 , s10136 and s9 U 1 6 ).
Seed s o u rc e s  o f  th e  E u c a ly p tu s  s e r ie s  were used; nam e ly , 
th e  lo w  p rovenan ce  (EL) fro m  570m, th e  m id d le  p rovenan ce  (EM) 
fro m  1554m and th e  h ig h  p rovenan ce  (E T ) fro m  2743m e le v a t io n .
F o r d e ta i le d  o r i g i n  o f  th e  seed s o u rc e s  r e f e r  S e c t io n  8 .2  and T a b le  
8 . 1  .
The t re a tm e n t co m p rise d  th re e  shade i n t e n s i t i e s  d e te rm in e d  
by th e  a v a i la b le  m a te r ia ls  w ith  one c o n t r o l  (no shade ) -  nam e ly ,
15%, 51%, 52% and 100% o f  f u l l  l i g h t  i n t e n s i t y  -  in  a tw o f a c t o r i a l ,
3 p rovenan ces  x 4 t re a tm e n ts  d e s ig n  ( w i th  r e p l i c a t e s ) .
Shade was p ro v id e d  by g re e n  ' s a r lo n ' shade c lo t h  a v a i la b le  
o v e r  a ra n g e  o f  shade i n t e n s i t i e s .  The s e le c t io n  o f  shade c lo t h  
used was based on p r e l im in a r y  m easurem ents o f  r e l a t i v e  l i g h t  i n t e n s i t y  
u n d e r shade w ith  a p h o to m e te r .  F o r th e  shade i n t e n s i t i e s  o f  15% and 
51% more th a n  one la y e r  o f  shade c lo t h  were u se d .
The f o l lo w in g  fo rm u la  was used :
R e la t iv e  l i g h t  i n t e n s i t y L ig h t  i n t e n s i t y  u n d e r shade 
L ig h t  i n t e n s i t y  in  d a y l ig h t
To m in im is e  v a r ia t i o n  in  re a d in g  th e  f o l lo w in g  p re c a u t io n s  
were o b s e rv e d : ( l )  a l l  m easurem ents were made o n ly  u n d e r c le a r  sky  
c o n d i t io n  a round  1200 h o u rs , (2 )  o n ly  maximum re a d in g s  w ere ta k e n ; 
(3 )  each re a d in g  was ta k e n  a t  e x a c t ly  30cm b e nea th  th e  shade c lo t h ;  
and (4 ) re a d in g s  were r e p l i c a t e d .
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The shade c lo t h  was mounted o v e r  a w ire  fra m e  w ork m e a su rin g  
100cm ( le n g th )  x 88cm (b re a d th )  x 88cm ( h e ig h t ) .  A l l  s id e s  were 
c a r e f u l l y  co ve re d  e x c e p t f o r  th e  f l o o r .  There  was no d a n g e r o f  l i g h t  
e n te r in g  fro m  t h i s  s o u rc e  s in c e  a l l  fra m e s  were mounted on v e n t i l a t i o n  
pumps. Access to  p la n ts  was p ro v id e d  th ro u g h  a f l a p  in  th e  f r o n t  o f  
th e  s t r u c t u r e .  A l l  c u t  edges were sewn in t o  th e  fra m e w o rk  th u s  
e f f e c t i v e l y  c o v e r in g  th e  edges .
A l l  shade fra m e s  were lo c a te d  in  th e  same g la s s h o u s e  w ith  
2 7 /2 2 °C  day and n ig h t  te m p e ra tu re  re g im e . They were c a r e f u l l y  spaced 
to  a v o id  a l l  n e ig h b o u r in g  sh a d e s . C o n tro l p la n ts  were a ls o  lo c a te d  
in  th e  same g la s s h o u s e . F re e  a i r  c i r c u la t i o n  fro m  th e  v e n t i l a t i o n  
pumps b e nea th  th e  shade fra m e s  and c o n t r o l  p la n ts  e nsu red  no te m p e ra tu re  
d i f f e r e n c e s  fro m  t h a t  o f  th e  g la s s h o u s e .
Shade i n t e n s i t i e s  in  th e  fra m e s  were a g a in  m easured u n d e r 
s im i l a r  p re c u a t io n s  r e la te d  a b o ve . F iv e  re a d in g s  were ta k e n  a t  
p la n t  h e ig h t  (a b o u t 30cm be low  th e  r o o f ) ,  one fro m  each c o rn e r  and one 
in  th e  c e n t r e .
G row th c o n d i t io n s  and r o u t in e  m a in te n a n ce  in  th e  g la s s h o u s e  
a re  o u t l in e d  in  S e c t io n s  8 .3  and 8 .8 .4 .
S e e d lin g  m a te r ia ls  used were e s ta b l is h e d  and g ra d e d  a c c o rd in g  
to  th e  s ta n d a rd is e d  p ro c e d u re s  o u t l in e d  in  S e c t io n s  8 .8 .2  and 8 . 8 . 3 .
The h a rv e s t  s c h e d u le  i s  shown in  T a b le  1 3 .1 .  T re a tm e n t 
was s t a r t e d  a p p ro x im a te ly  30 days f o l lo w in g  g e rm in a t io n  and la s te d  
42 days fro m  3 l / l 0 / 7 4  to  1 2 /1 2 /7 4 . T w e lve  s e e d lin g s  were h a rv e s te d  
p e r  p rovenan ce  in  th e  i n i t i a l  h a r v e s t .  Two s e e d lin g s  p e r  p rovenan ce  
and t re a tm e n t  were h a rv e s te d  in  th e  f i r s t  f i v e  h a rv e s ts  and tw e lv e
in  th e  f i n a l  h a r v e s t .
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TABLE 13.1 H a rv e s t S ch e d u le  : L ig h t  E x p e r im e n t w i th  
E u c a ly p tu s  S e r ie s
H a rv e s t
S ch e d u le
Age (d a y s ) s in c e  
t r e a tm e n t9
No. o f  ^
R e p lic a te s
T o ta l  No. o f  R e p li­
c a te s  h a rv e s te d
1 15 2 24
2 21 2 24
3 28 2 24
4 35 2 24
5 42 12 144
T re a tm e n t commenced a t  a p p ro x im a te ly  30 days 
a f t e r  g e rm in a t io n .
P e r p rovenan ce  and p e r  t r e a tm e n t
A t each h a rv e s t  h e ig h t  and d ia m e te r ,  le a f  a re a  and com ponent 
oven d ry  w e ig h ts  -  le a v e s ,  b ra n c h e s , s tem s and r o o ts  -  were measured 
and mean r e l a t i v e  g ro w th  r a t e  and n e t  a s s im i la t io n  r a t e  and p la n t  
w e ig h t c a lc u la te d .  In  th e  f i n a l  h a rv e s t  th e  fo l lo w in g  a d d i t io n a l  
p a ra m e te rs  w ere m easured o r  c a lc u la te d  -  b ra n ch  number and le n g th ,  
number o f  le a v e s ,  le a f  le n g th  and b re a d th  o f  sam ple leav/es ( f u l l y  
expanded le a v e s  betw een th e  s e v e n th  and e le v e n th  nodes g e n e r a l ly ) ,  
s p e c i f i c  l e a f  a re a , s h o o t r o o t  r a t i o  and le a f  w e ig h t r a t i o  (as % 
le a f  w e ig h t ) .  M easurem ent and c a lc u la t io n  p ro c e d u re s  were as o u t l in e d  
in  S e c t io n s  8 .5  and 8 .7 .
A n a ly s is  o f  v a r ia n c e  ( ty p e  I I )  was co n d u c te d  on a l l  f i n a l  
h a rv e s t  r e s u l t s  e x c e p t th e  com ponent d r y  w e ig h ts .  S in c e  th e re  were 
s u f f i c i e n t  r e p l ic a t e s  in  th e  f i n a l  h a rv e s t  o n ly  g ro w th  r a te  and 
a s s im i la t io n  r a te  d a ta  o f  t h i s  h a rv e s t  were a n a ly s e d . In  t o t a l  
th e re  w e re l4 4  r e p l ic a t e s  in  th e  f i n a l  h a r v e s t .  T he re  was no m is s in g  
v a lu e s  s in c e  th e re  was s u f f i c i e n t  space  to  c a r r y  f o u r  to  f i v e  sp a re
p la n ts  th ro u g h o u t th e  e x p e r im e n t
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13.3 RESULTS
Detailed results of the experiment are given in Table 13.2f 
and the analysis of variance summarized in Table 13.3. Means of 
parameters with significant interaction were ranked and compared using 
Duncan's multiple range test in Figure 13.1.
It should be noted that light treatments used were defined 
in relative values taking full sunlight as 100°/o.
13.3.1 Growth and Productivity
Growth and productivity decreased with shading being highest 
under low shade (62% - 100%) and lowest under heaviest shade (15%).
The most outstanding feature was the similarity in growth response of 
the lower provenances (EL and EM) in contrast to that of the top 
provenance (ET).
The response patterns for the lower provenances (EL and EM) 
were generally similar for dry-matter production, relative growth rate, 
height and diameter values (Figures 13.1-1). These factors were not 
significantly affected by low shade (62% - 100%). With further 
shade ( 62%), growth was generally and significantly reduced except for 
height which exhibited a slightly greater shade tolerance (Figure 13.2c). 
In EL, although there was no significant difference compared to EM, 
dry-matter production and height growth were slightly better at light 
shade (62%) than under full light.
The optimum light intensity for growth in EL and EM 
probably lie between 62% and full light intensity with the possible 
exception of height growth in EL which was probably higher (51% - 62%),
TABLE 13.2 Growth Response in Seedlings of E. decaisneana 
from Three Altitudes Grown Under Four Relative 
Light Intensities
Except for Maan Relative Growth Rate and Mean Net 
Assimilation Rate all values were determined from 
final harvest data of 72 day old seedlings 
following 42 days under treatment.
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TABLE 13.3 Summary of Analysis of Variance (Type II) 
of Various Growth Parameters of Eucalyptus 
decaisneana Seedlings from Three Altitudes 
Grown Under Four Relative Light Intensities. 
Only Mean Square Values Given.
1. With the exception of mean RGR and NAR, analysis 
was conducted on harvest data of 72 day old 
seedlings following 42 days of treatment.
2. Significance levels: *50/o, and *** 0.1°/o
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TABLE 13.3 (C o n t 'd )  
G row th  and P r o d u c t iv i t y
S ou rce  o f  
V a r ia t io n
D .F .
D ry -M a t te r
P ro d u c t io n
fa )
Mean R e la ­
t i v e  G row th 
R ate 
( g 7g /w k )
Stem
H e ig h t
(’ em)
Stem
D ia m e te r
(mm)
P rovenance  (P ) 2 5 2 .6 7 2 3 * * * 0 .4 Q 4 8 ** * 6 5 6 4 .5 0 * * * 9 .5 5 * * *
T re a tm e n t (T ) 3 6 6 .6 6 7 3 * * * 0 .6 7 2 5 * * * 2 5 8 9 .5 0 * * * 36 o 9 3 * * *
“0 X —
I 6 3 .8 6 6 2 * * * 0.ÜÜ68 1 2 8 .4 6 * * * 0 .36
E r r o r 132 0 .4 8 9 4 0 .0 0 6 3 2 8 .0 9 0 .2 4
A n a ly s is  o f  P r o d u c t iv i t y  and A n a la y s is  o f  P h o to s y n th e t ic  System
D .F .
Mean N e t 
A s s im i la ­
t io n  R ate
(g /cm  /w k )  
x 10“ a
L e a f A rea  
R a t io
(cm2/ g )  x 
10~2
S p e c i f ic
L e a f
A rea
(cm2/ g )
L e a f
W e igh t
R a t io
( A r c s in )
P rovenance  (P ) 2 0 .1 9 1 8 * * * 1 .1 6 9 3 * * * 2 4 ,8 9 9 * * * 1 3 2 .3 1 0 5 ***
T re a tm e n t (T ) 3 0 .5 4 8 4 * * * 5 .2 8 5 0 * * * 5 2 0 ,7 1 4 * * * 1 1 2 .9 1 2 8 ***
i—XCL 6 0 .0 0 7 6 0 .2 5 5 8 * * * 3 5 ,3 9 5 * * * 4 .0 1 6 3
E r r o r 132 0 .0 0 4 8 0 .0 2 4 6 3 ,6 9 4 6 .2 4 8 2
L e a f P a ra m e te rs
DF
T o ta l  
L e a f 
A rea  
(cm )
T o ta l  
N o . o f  
Leaves
DF
L e a f
L e n g th
(mm)
L e a f
B re a d th
(mm)
L e a f
L e n g th :
B re a d th
(mm/mm)
P rovenance  (P) 2 1 ,4 6 9 ,5 8 0
-SRRf
2 0 ,2 0 8
-K--K-K-
2 14 ,174
•JRf-K-
11 ,019 2 .8 3 1 0
T re a tm e n t ( t ) 3 1 ,0 1 5 ,4 1 0 19 ,586
*-**
3 7 ,4 9 3 3 ,0 3 0
-)Rf*
0 .1 7 6 6 *
P x  T 6 5 3 ,2 2 0 16,62  
*■* f *
6 7 7 3 * 157 0 .0 4 4 5
E r r o r 132 12 ,838 507 288 343 165 0 .0 6 1 5
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TABLE 1 3 .3  (C o n t 'd )
B ranch  G row th and S h o o t:R o o t R a t io
DF
Number o f  
B ranches
Branch
L e n g th
fcm)
S h o o t: R oot 
R a t io
fc j/c j")
P rovenance (P ) 2 5 4 9 .1 * * * 6 9 ,5 1 1 .7 0 * * * 1 2 .4 8 8 2 * * *
T re a tm e n t ( t ) 3 4 1 4 .5 * * * 6 0 ,4 7 9 .5 1 * * * 3 .0 3 6 9 *
t-XCL 6 5 5 .5 * * * 7 ,7 3 4 .1 3 * * * 2 .2 8 4 6 *
E r r o r 132 1 1 .6 1 ,5 1 1 .4 6 0 .8 7 7 7
FIGURE 13.1 Multiple Range Test of Means of Growth
Parameters of E. decaisneana Seedlings from 
Three Altitudes Grown Under Four Relative 
Light Intensities. Relative V/alues Given.
1. Values not connected by horizontal line are significantly 
different at 5% level under Duncan*s multiple range test.
2. Altitudes or provenances (PROV): Low (l ) 570m; Middle (M) 
1554m; Top (T) 2743m altitude.
3. Relative light intensities (TMT) (taking full daylight 
as 100%): (1) 100%; (2) 62°/o; (3) 51%; (4] 15%.
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Figure 13.2.C. The average daily radiation levels at CERES phytotron 
during the months of treatment (November - December) were approximately 
63G - 640 g.cal/sq cm/day.
ET provenance had generally significantly lower growth rate 
values than those of the lower provenances (EL and EM), Figures 13.2a-d. 
An exception was dry-matter production under heaviest shade where ET 
was not significantly lower than EL.
Generally, growth in ET decreased slightly under low shade 
(62% - 100%) but not significantly except for dry-matter production 
(Figure 13.2a). Growth reduction with further shade (<62%) was sig­
nificant. The response curves for dry-matter production in ET was 
approximately linear in contrast to those of the lower provenances 
(EL and EM). Notably also, the optimum light intensity for growth 
in ET was probably greater than the full light intensity received 
during treatment.
13.3.2 Analysis of Productivity
Photosynthetic efficiency (indicated by NAR) generally 
declined with increased shade intensity, and was highest under full 
light (Figure 13.2e). There were slight differences between the 
lower provenances (EL and EM) with EM slightly more efficient than EL 
except at 62% light. ET in contrast, was significantly least 
efficient than the other provenances except under heaviest shade.
Leaf area ratio (LAR) increased with shade, being highest 
under heaviest shade and lowest under full light (Figure 13.2g).
The response pattern in ET differs from those of the lower provenances
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(EL and EM ). The in c re a s e  in  LAR w ith  shade in  ET, was a p p ro x im a te ly  
l i n e a r  w h i l s t  EL and EM e x h ib i te d  a sh a rp  in c re a s e  in  LAR w ith  
in c r e a s in g  shade be low  m id d le  i n t e n s i t i e s  (51% -  62% ). I n t e r e s t i n g l y ,  
EL was n o t s i g n i f i c a n t l y  a f fe c te d  by lo w  shade (62% -  100%)
The lo w e r  g ro w th  r a t e  in  th e  to p  p ro ve n a n ce  (E T ) com pared 
w ith  th e  o th e r  p rovenan ces  was due to  th e  lo w  NAR in  t h i s  p ro v e n a n c e .
The e f f e c t  o f  a g e n e r a l ly  s i g n i f i c a n t l y  h ig h e r  LAR r e l a t i v e  to  EL and EM 
was o f f s e t  by th e  lo w e r  NAR v a lu e  (F ig u re  1 3 .2 e ,g ) .
I t  i s  p o s s ib le  to  e s t im a te  th e  l i g h t  co m p e n sa tio n  p o in t  
( l i g h t  i n t e n s i t y  where n e t p h o to s y n th e s is  i s  z e ro )  by p r o je c t io n  o f  
NAR v a lu e s  ( c f .  Loach , 1 9 6 9 ). P r o je c t io n  o f  NAR v a lu e s  on to  th e  a x is  
f o r  l i g h t  i n t e n s i t y  ( in  lo g  v a lu e s )  g iv e s  a v a lu e  f o r  th e  l i g h t  compen­
s a t io n s  p o in ts  (F ig u re  1 3 .2 . f )  . The p rovenance
v a lu e s  e s t im a te d  were between 0 .7 5  — D .80  ( in c lu s iv e )  o r  c o r re s p o n d in g  
w ith  5.6%  -  6.3%  l i g h t  i n t e n s i t y .  The d i f f e r e n c e  in  l i g h t  compen­
s a t io n s  p o in ts  betw een E . d e ca isn e a n a  p ro ve n a n ce s  can th u s  be 
c o n s id e re d  s m a l l .
1 3 .3 .3  A n a ly s is  o f  th e  P h o to s y n th e t ic  System
B o th  s p e c i f i c  le a f  a re a  (SLA) and le a f  w e ig h t r a t i o  (LWR) 
were g e n e r a l ly  u n a f fe c te d  by lo w  shade b u t in c re a s e d  s i g n i f i c a n t l y  
u n d e r heavy shade (F ig u re  1 3 .2 h , i ) .  The re sp o n se  p a t te r n s  in  ET 
w ere a p p ro x im a te ly  l i n e a r  w i th  a r e l a t i v e l y  lo w  g r a d ie n t .  In  
c o n t r a s t ,  th e  upward in f le x io n s  f o r  EM and EL n o te d  in  LAR c u rv e s  a t  
m id d le  l i g h t  i n t e n s i t i e s  were a ls o  e v id e n t  in  b o th  th e  SLA and LWR
re sp o n se  c u rv e s .
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LWR values in ET were generally significantly higher than 
those in the lower provenances (Figures 13.2i) whilst EL and EM had 
values which did not differ significantly.
There were no significant differences in SLA between 
provenances under low shade (Figure 13.2h), but under heavy shade ( 62°/o) 
ET was significantly smallest.
Thus, under low shade (62°/o-100%), both SLA and LWR were 
important in determining size of the photosynthetic system (indicated 
by LAR) as apparent in the similarity of their altitudinal trends 
with those of LAR (Figures 13.2g, h, i). Under heavy shade (15°/o - 51%) 
differences in LAR between the lower provenances (EL and EM) were due 
to differences in both SLA and LWR - both parameters being greater 
in EL than in EM (Figures 13.2.h, i).
The low LAR value in ET relative to that of EL under the 
heaviest shade was primarily due to low SLA which offset the effect 
of a higher LWR. The high LAR value in ET relative to EM at 62% 
light was due to its greater SLA and LWR values.
13.3.4 Leaf and Branch Parameters 
(a) Leaf Parameters
Total leaf area of the lower provenances (EL and EM) did 
not differ significantly but that for ET was always lower (Figure 13.2j). 
There was marked change in leaf area with shade. EL and EM 
exhibited greatest leaf area at medium shade (61%) but leaf area of 
ET declined steadily with increasing shade.
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The s i m i l a r i t y  o f  le a f  a re a  in  EL and EM was r e f le c t e d  
in  a g e n e ra l s i m i l a r i t y  in  b o th  le a f  number and le a f  shape ( le n g th  and 
le n g th /b r e a d th ) .  ET a lw a ys  had fe w e r  le a v e s  th a n  th e  o th e r  
p ro ve n a n ce s  and th e  le a v e s  tended  to  be s h o r te r  and n a r ro w e r :
There  was a te n d e n c y  in  a l l  p ro ve n a n ce s  to  p ro d u ce  fe w e r  
and s h o r te r  le a v e s  in  heavy shade b u t le a f  shape ( le n g th /b r e a d th )  
d id  n o t change w ith  shade i n t e n s i t y .
(b )  B ranch  P a ra m e te rs
In  th e  two lo w e r  p ro ve n a n ce s  (EL and EM) b ra n ch  number 
and le n g th  was s i g n i f i c a n t l y  re d u ce d  u n d e r heavy sh a d e . The to p  
(E T ) p rove n a n ce  a lw a ys  had fe w e r  and s h o r te r  b ra n ch e s  th a n  th e  o th e rs  
and th e  d e c l in e  in  th e s e  p a ra m e te rs  w i th  shade was n o t so marked 
a lth o u g h  p re s e n t .
1 3 .3 .5  S h o o t:R o o t R a t io
T he re  were d i f f e r i n g  p a t te r n s  o f  p rovenan ce  re sp o n se  to  
shade in  s h o o t : r o o t  r a t i o .  EM showed l i t t l e  change in  s h o o t : r o o t  
r a t i o  e x c e p t f o r  a te n d e n c y  f o r  an in c re a s e  w ith  in c r e a s in g  sh a d e .
EL and ET showed no s i g n i f i c a n t  change in  s h o o t : r o o t  r a t i o  w ith  shade 
e x c e p t f o r  s i g n i f i c a n t l y  h ig h e r  v a lu e  a t  th e  51% le v e l .  ET g e n e r a l ly  
had lo w e r  s h o o t : r o o t  r a t i o  th a n  th e  o th e r  p ro v e n a n c e s .
1 3 .4  DISCUSSION
1 3 .4 .1  Shade T o le ra n c e  o f  E . d e ca isn e a n a
The shade to le r a n c e  o f  E . d e ca isn e a n a  i s  unknown. I t s
s u c c e s s io n a l s ta tu s  how ever s u g g e s ts  i t  i s  a shade in t o le r a n t  s p e c ie s
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as i s  g e n e ra l f o r  p io n e e r  s p e c ie s  d o m in a tin g  s e c o n d a ry  f o r e s t  s ta n d s  
in  th e  t r o p ic s  (R ic h a rd s ,  1 9 6 4 ). T h is  s u g g e s t io n  i s  how ever 
n e c e s s a r i ly  t e n t a t i v e  in  v ie w  o f  th e  absence o f  v a l id  s ta n d a rd s  f o r  
c o m p a riso n  among t r o p i c a l  s p e c ie s .
E . d e ca isn e a n a  ap p e a rs  to  be le s s  in t o le r a n t  o f  lo w  shade 
th a n  o f  h ig h  sh a d e . T h is  i s  a p p a re n t fro m  th e  d i f f e r e n c e s  in  
re sp o n se  p a t te r n s  o f  NAR and LAR (F ig u re s  1 3 .2e , g ) .  The change in  
th e s e  p a ra m e te rs  u n d e r lo w  shade ( 100%-62% o f  f u l l  l i g h t )  was 
g e n e r a l ly  le s s  th a n  th e  change u n d e r h ig h  shade i n t e n s i t i e s  (51%-15°/o).
The n e t e f f e c t  i s  th u s  in  th e  m a in te n a n ce  o f  a h ig h  g ro w th  r a t e  u n d e r lo w  
shade above 62°/o l i g h t  (F ig u re  1 3 .2 b ) .
P rovenance d i f f e r e n c e s  in  th e  to le ra n c e  o f  lo w  shade i n t e n s i t i e s  
a p p a re n t ly  o c c u r  in  E . d e c a is n e a n a . I t  i s  c le a r  fro m  F ig u re s  1 3 .2 e , g , 
t h a t  th e  NAR and LAR o f  th e  low  p rove n a n ce  (E L) were l i t t l e  a f fe c te d  
by lo w  shade in  c o n t r a s t  to  th e  NAR and LAR v a lu e s  o f  th e  u p p e r p ro ­
venances (EM and E T ) . I t  can th u s  be c o n s id e re d  t h a t  th e  h ig h  RGR 
in  EL u n d e r lo w  shade was m a in ly  due to  i t s  shade to le r a n c e .
I n  c o m p a ris o n , EM and ET were b o th  in t o le r a n t  o f  low  shade due m a in ly  
to  th e  r e d u c t io n  in  t h e i r  p h o to s y n th e t ic  e f f i c ie n c y  (a s  in d ic a te d  
by NAR). H ig h  RGR in  EM and ET was how ever m a in ta in e d  by th e  
s i g n i f i c a n t  in c re a s e  o f  th e  p h o to s y n th e t ic  sys tem  (as  in d ic a te d  by LAR) 
w h ich  i s  c h a r a c t e r i s t i c  o f  shade in to le r a n c e  ( e .g .  L oach , 1 9 7 0 ).
I t  i s  d i f f i c u l t  to  d e te rm in e  w h e th e r r e a l  d i f f e r e n c e s  in  
shade to le r a n c e  o c c u r  in  E . d e ca isn e a n a  in  re sp o n se  to  h ig h  shade 
i n t e n s i t i e s  (62% -15%). The r e d u c t io n  in  p h o to s y n th e t ic  e f f i c ie n c y  
betw een p ro ve n a n ce s  was a p p ro x im a te ly  s im i la r  (60%-69/o) and th e re
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was also little difference in their projected light compensation points 
(5.6°/o - 6.3%, Figure 13.2f). Whether differences to high shade 
intolerance occur in E. decaisneana is difficult to ascertain from these 
data. Further investigation is necessary.
It is interesting to note that relative provenance differences 
in RGR and DMP were generally not significantly affected by shade 
despite differences in tolerance to low shade intensities. Notably, 
the RGR and DMP of the lower provenances (EL and EM) were similar 
whereas the top provenance (ET) had lower values irrespective of 
shade intensities. Thus, despite shade variation, provenance dif­
ferences in productivity observed under full light at 27/22°C are 
generally retained.
The conservation of altitudinal trend under shade was further 
exhibited in other parameters. For example, the lower provenances 
(EL and EM) were generally similar in NAR, leaf weight ratio, stem 
height and diameter, leaf area, leaf number and shape, branch number 
and length. In contrast, the top provenance (ET) always had lower 
values except for leaf weight ratio and leaf shape (leaf length:
Breadth) which were always higher. In addition, provenance differences 
in LAR was also maintained under shade except under the heaviest 
shade (l6°/o). Hence, it can be suggested that, variation in E. decaisneana 
due to altitude is stronger in expression than variation due to shading 
at the 27/22°C temperature regime.
13.4.2 Practical Application of Results of Experiment
Manipulation of the stand light climate is a standard silvicultura. 
tool in the regulation of stand structure and composition in natural 
stands. For this reason it is important to determine variations in
tolerance between species or provenances.
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It is difficult to extrapolate results of controlled experiments 
to the field. In this experiment for example, the possibility 
of a light intensity x temperature interaction occurring should be 
considered. Accordingly, ectrapolation of the results is essentially 
limited.
It is clear from the results that the altitudinal trend in 
productivity "as not affected by shading despite provenance variation 
in shade tolerance. The top provenance (ET) can thus generally be 
excluded as a seed source due to its consistently low productivity unless 
field conditions indicate otherwise.
Both EL and EM might be equally suitable for enrichment 
plantings in view of the similarity in their productivity irrespective 
of shading. In the promotion of these provenances in the natural stand, 
especially in the release of seedlings, light intensity should not be 
allowed to fall too low.
In open plantations with EL and EM the problem of shading 
by weed species could be important especially during the establishment 
stage and might be crucial on good sites where growth of weed species 
may be abundant. The shading of E. decaisneana seedlings by weed 
species may well constitute a major problem in its large scale plantation. 
Poorer sites may be preferred for E. decaisneana where weed species 
may not thrive as well as on good sites. Indeed, in its natural 
habitat the species is adapted to fire degraded sites where the chances 
of its survival is greater with reduced competition from other secondary
forest species.
PART VI
DISCUSSION
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CHAPTER 14
DISCUSSION
The m ain o b je c t iv e s  o f  th e  p re s e n t s tu d y  were -
1 . to  d e te rm in e  th e  m a jo r e n v iro n m e n ta l f a c to r s  a f f e c t in g  
th e  g ro w th  o f  t r o p i c a l  h ig h la n d  s p e c ie s ;
2 . to  d e te rm in e  w h e th e r in t r s p e c ie s  d i f f e r e n c e s  o c c u r  w i t h in  
h ig h la n d  s p e c ie s  w i th  w ide  a l t i t u d i n a l  ra n g e s .
These a re  d is c u s s e d  in  th e  l i g h t  o f  f in d in g s  as o u t l in e d  in  P a r t  V . 
F in a l l y ,  a p p l ic a t io n  o f  g ro w th  a n a ly s is  s tu d ie s  t o  f o r e s t r y  in  th e  
t r o p i c a l  h ig h la n d s  i s  o u t l in e d .
14.1 FACTORS AFFECTING GROWTH OF TROPICAL HIGHLAND SPECIES
The m a jo r  f a c to r s  exam ined , nam ely te m p e ra tu re ,  l i g h t  and 
f r o s t ,  s i g n i f i c a n t l y  a f f e c t  g ro w th  o f  th e  h ig h la n d  s p e c ie s  and 
p ro ve n a n ce s  s tu d ie d .  E x p e c te d ly ,  re sp o n se  was m ost marked u n d e r 
l i m i t i n g  c o n d i t io n s  as fo u n d  u n d e r lo w  te m p e ra tu re  and lo w  l i g h t  
i n t e n s i t y .  Where c o n d i t io n s  w ere g e n e r a l ly  fa v o u ra b le  to  g ro w th , 
as in  th e  h ig h e r  te m p e ra tu re  ra n g e  o f  th e  O ocarpa and E u c a ly p tu s  s e r ie s  
[2 4 /1 8 °  -  3 0 /2 4 ° C ) ,  v a r ia t io n  in  g ro w th  re sp o n se  was n e g l ig ib le .
These broad  o b s e rv a t io n s  a re  how ever q u a l i f i e d  by v a r ia t io n s  in  
re sp o n se  between p a ra m e te rs  and g ro w th  f a c t o r s .
Response p a t te r n  may v a ry  w id e ly  between p a ra m e te rs . The 
te m p e ra tu re  e x p e r im e n ts  w i th  th e  E u c a ly p tu s  and O ocarpa s e r ie s  
p ro v id e  a good exam ple  s in c e  g ro w th  re sp o n se  can be compared between
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two sets of conditions, 1. favourable (High temperature range ) and 
2. limiting (low temperature range). Despite species differences 
between the two experiments, parameters can be commonly categorised 
according to their response pattern. Thus, shoot:root ratio, 
specific leaf area (eucalypt only) and in particular, net assimilation 
rate (NAR) and stem height were most sensitive to temperature 
variations, irrespective of growth conditions. Dry-matter production 
(DMP), relative growth rate (RGR), leaf area and leaf area ratio (LAR) - 
the latter two in eucalypt only - were sensitive only under limiting 
conditions whereas leaf weight ratio was totally unaffected. Species 
difference was however apparent in the latter case since in the Kesiya 
series variation in leaf weight ratio with temperature was not 
significant.
Most of the productivity-oriented parameters, in particular 
DMP and RGR, fall in the second category, i.e. they are responsive 
to factor variation only under limiting conditions hence, they have 
a broad response range. For example, dry-matter production in the 
□ocarpa series and RGR in the Eucalyptus series were only significantly 
depressed under treatments with night temperature as low as 15°C. 
Similar observations were made in DMP of the Kesiya series. However, 
NAR in the latter series vary significantly between provenances. 
Tolerance of a wide treatment range is a desirable trait for it 
implies growth potential over a wide range of altitude.
It is also apparent from the study that E. decaisneana 
responded differentially to different environmental factors. The 
species seemed more intolerant to limiting light intensity than to
limiting temperature. Thus, whilst DMP was tolerant over a wide 
range of temperature, as noted above, it proved intolerant to 
even the middle shading treatment (<C 62°/o relative light intensity).
In the top provenance DMP was reduced under even lighter shade f OOCP/o).
In the temperature experiments as noted above RGR differed 
significantly with varying temperatures. The relative importance 
of NAR and LAR in determining growth rate appear to differ between 
Eucalyptus and Pinus species. In E. decaisneana leaf area ratio was 
relatively more important. This was specifically more due to greater 
specific leaf area than to leaf weight ratio. In comparison,
in both Oocarpa and Kesiya series, photosynthetic efficiency was 
relatively more important in determining relative growth rate.
In general, the climatic factors tested significantly 
influenced growth of the highland species. More importantly, 
intraspecies variations in growth response to the variations of these 
factors were clearly shown. The results thus generally agree with 
the suggestion that climatic factors are primarily important in growth 
and differentiation of tropical vegetation (Section 3.6).
14.2 INTRASPECIFIC DIFFERENCES IN HIGHLAND SPECIES
The most important finding of the study is the existence of 
genetic differentiation in tropical highland species in both Eucalyptus 
and Pinus species. The choice of the study materials enable 
comparison between two types of distribution patterns, 1. the continuous 
and 2. the discontinuous or disjunct distribution. Intraspecies 
variation within each pattern is discussed. Genecological adaptation
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within each type and its implication on provenance distribution 
are examined, followed by discussion on a possible evolutionary 
process in tropical highland species.
a. Continuous Distribution Pattern
Within the continuous distribution pattern are included 
E. decaisneana and the Zambales and Cordillera provenances of 
P. kesiya. The most important characteristic of the distribution 
pattern is the clinal variation in its parameters with altitude; mainly 
the general decrease in magnitude of plant parameters with elevations. 
The most important physiological trend is the decrease in productivity 
with elevation; specifically the reduction in DMP and RGR. Among 
the Pinus species, the reduction in growth with elevations was mainly 
due to the reduction in photosynthetic efficiency. However, among 
cordillera provenances of P. kesiya, the photosynthetic apparatus 
appeared equally important. This observation seems to contradict 
trends reported for temperate conifers. For example, Sweet and 
Wareing (1968) and others, generally found small or lack of differences 
in photosynthetic efficiency between provenances. Further, among 
temperate conifers, photosynthetic efficiency generally increased with 
elevation (e.g. Wright, 1971).
Variation in frost resistance in E. decaisneana however showed 
no altitudinal cline. Studies on temperate highland Eucalyptus 
species (e.g. Paton, 1972) recorded similar results. An altitudinal 
pattern was however apparent above a certain critical altitude 
but more intense altitudinal sampling in E. decaisneana is necessary
to verify this
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C l in a l  v a r ia t io n s  in  m o rp h o lo g ic a l c h a ra c te rs  were a p p a re n t,  
and g e n e r a l ly  more marked th a n  p h y s io lo g ic a l  c h a r a c te r s .  These 
in c lu d e  th e  r e d u c t io n  w i th  a l t i t u d e  in  d im e n s io n a l F e a tu re s  such 
as h e ig h t ,  d ia m e te r ,  le a f  s iz e  and b ra n ch  le n g th  and in  n u m e r ic a l 
fe a tu r e s  as le a f  and b ranch  num ber.
b o D is c o n t in u o u s  D i s t r i b u t io n  P a t te rn
The d is c o n t in u o u s  o r  d is ju n c t  d i s t r i b u t i o n  p a t te r n  in c lu d e  
th e  K e s iy a  s e r ie s .
I n  th e  K e s iy a  s e r ie s ,  co m p a riso n s  betw een th e  s o u th e rn  to p  
p rovenan ce  (ST) o f  th e  Zam bales r e g io n  w ith  th e  n o r th e rn  C o r d i l le r a  
p ro ve n a n ce s  (NT, NM, NLJ g e n e r a l ly  showed no s i g n i f i c a n t  v a r i a t i o n .
ST i s  l a t i t u d i n a l l y  d is ju n c t  fro m  th e  C o r d i l l e r a  p ro ve n a n ce s  b u t o f  
co m p a ra b le  a l t i t u d e  ta k in g  in t o  c o n s id e r a t io n  th e  M o u n ta in  Mass 
E le v a t io n  E f f e c t  (see  S e c t io n  2 . 2 . 1 ) .  I t  ap p e a rs  t h a t  a t  com pa rab le  
e le v a t io n s  th e  g e o g ra p h ic  i s o la t i o n  betw een ST and th e  C o r d i l le r a  
p ro ve n a n ce s  d id  n o t p ro d u ce  any s i g n i f i c a n t  r a c ia t i o n .
I t  may th u s  be su g g e s te d  fro m  th e s e  f in d in g s  t h a t  e n v iro n ­
m e n ta l d i f f e r e n c e s  due to  a l t i t u d e  e x e r t  a much s t r o n g e r  s e le c t io n  
fo r c e  th a n  t h a t  due to  g e o g ra p h ic  i s o l a t i o n ,  
c . G e n e c o lo g ic a l A d a p ta t io n
In  d is c u s s in g  a d a p ta t io n  w i t h in  a l t i t u d i n a l  s p e c ie s ,  i t  i s  
i n s t r u c t i v e  to  d e f in e  th e  e c o lo g ic a l  fra m e w o rk  w i t h in  w h ich  th e  
e n v iro n m e n ta l f a c t o r s  s tu d ie d  o p e ra te .  The s p e c ie s  used in  th e  s tu d y  
a re  b a s ic a l l y  p io n e e r  s p e c ie s  w h ich  a re  m a in ta in e d  in  f i r e - s u b c l im a x  
fo rm a t io n s  ( L u c k h o f f ,  1964; T u r n b u l l ,  1971, p e rs .  com m .). They a re  
th e r e fo r e  e s s e n t ia l l y  l im i t e d  in  t h e i r  d i s t r i b u t i o n  by b i o t i c  f a c t o r s ,
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notably competition from surrounding primary climax vegetation which 
were initially displaced by fire. It is within this framework that 
local environmental factors exert their differentiating effects on 
the species.
Genetic differences attributed to temperature, light and 
frost have been discussed in the various experiments. The important 
thing to note is that these differences appear localised to specific 
altitudinal zones as evident from the altitudinal pattern observed 
in the numerous interactions between provenance and environmental 
factors studied. Further, their genetic pattern of altitudinal 
differences is very strong in many parameters studied. For example, 
the greater oroductivity and growth rate in the low provenance of the 
Eucalyptus series is maintained throughout the range of temperature 
and light intensity applied. The differential characters within 
the species are thus probably a result of genecological adaptation 
to local selection pressures.
This suggestion can be further augmented. In species with 
the continuous distribution, genetic differentiation must be due to 
strong selection pressures since genetic continuity will tend to be 
maintained even though the rate of gene flow may be slow. In addition, 
these pioneer species are characteristically heterogeneous, prone to 
panmixis and genetic flexibility (Rehfeld and Lester, 1968) i.e. their 
propensity is towards maintaining the integrity of the gene pool.
Thus the pressures strong enough to reverse this trend will have to 
be directional and hence adaptational in nature.
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d . P o s s ib le  S p e c ia t io n  P rocess  in  T r o p ic a l  H ig h la n d  E n v iro n m e n t 
In  t r o p i c a l  lo w la n d s  v e g e ta t io n ,  s p e c ia t io n  i s  h e a v i ly  
in f lu e n c e d  by g e n e t ic  d r i f t  (F e d e ro v , 1966) and s e le c t io n  p re s s u re s  
due p r im a r i l y  to  th e  b o ta n ic a l  com ponent o f  th e  e n v iro n m e n t 
(D obzhansky, 1 9 5 0 ). These s u g g e s t io n s  were based on th e  a s s u m p tio n  
o f  th e  e x is te n c e  o f  a r e l a t i v e l y  u n ifo rm  p h y s ic a l e n v iro n m e n t.
I t  i s  c le a r  fro m  th e  re v ie w  in  C h a p te r 3 t h a t  th e  t r o p i c a l  
h ig h la n d  ecosystem  i s  d iv e r s e  in  te rm s  o f  b o th  b o ta n ic a l  and p h y s ic a l  
com ponen ts . The s p e c ia t io n  p ro c e s s  may n o t n e c e s s a r i ly  re se m b le  t h a t  
in  th e  lo w la n d  e n v iro n m e n t. F u r th e r ,  th e  s tu d y  showed e v id e n c e  
t h a t  s p e c ie s  w i th  a w ide  a l t i t u d i n a l  ra n g e  d is p la y e d  s i g n i f i c a n t  
in t r a s p e c ie s  d i f f e r e n c e s  in  g ro w th  re sp o n se  to  th e  p h y s ic a l f a c to r s  
te s te d  -  te m p e ra tu re ,  l i g h t  and f r o s t .  Such a re sp o n se  i s  c le a r l y  
a d a p ta t io n a l  and i t  can th u s  be su g g e s te d  t h a t  th e  s p e c ia t io n  p ro c e s s  
in  t r o p i c a l  h ig h la n d  s p e c ie s ,  m ust d e f in a t e ly  in c o r p o r a te  a re sp o n se  
to  th e  p h y s ic a l  e n v iro n m e n t.
1 4 .3  APPLICATION OF GROWTH ANALYSIS STUDY 
1 4 .3 .1  S p e c ie s  and P rovenance S e le c t io n
The s tu d y  am p ly  p ro v e s  th e  e x is te n c e  o f  g e n e t ic  d i f f e r e n c e s  
in  im p o r ta n t  econom ic fe a tu r e s  such  as p r o d u c t i v i t y  and g ro w th  r a t e ,  
in  t r o p i c a l  h ig h la n d  t r e e  s p e c ie s .  The s p e c ie s  s tu d ie d  a re  t im b e r  
s p e c ie s  w i th  s u c c e s io n a l s ta tu s  p ro b a b ly  s im i l a r  to  m ost o th e r  
h ig h la n d  s p e c ie s  t h a t  a re  p o p u la r  in  p la n ta t io n  program m es in  th e  
t r o p ic s  ( e . g .  P in u s  m e r k u s i i , P. i n s u l a r i s , P. p a tu la ,  P . o c c id e n ta l is  e t c ) .
Numerous f i e l d  t r i a l s  have e s ta b l is h e d  p rove n a n ce  d i f f e r e n c e s  t h a t
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are mainly geographic in nature. It is evident from the study 
that geographic differences may be smaller than altitudinal differences 
despite the deceptively close proximity of seed sources within an 
altitudinal population. For this reason, seed collection in the 
highlands should include samplings from different altitudes.
In view of the above consideration, the importance of assessing 
genetic variability within highland species for the purpose of 
mapping out seed collection zone should be emphasised. For this 
purpose growth analysis method is suitable in view of its speed in 
assessing differences in growth and productivity.
Another important application of the method is in tree 
improvement. The method can separate and relatively assess the 
components of growth rate (assimilation rate and leaf area ratio).
The more important component may then be selectively bred to improve 
growth rate and productivity. The feature can also be combined with 
other desired characters.
14.3.2 Determination of Species or Provenance Potential Range for 
Optimum Growth
The objective of a species or a provenance trial is to match 
the species/provenance to a given site for the optimum production of 
a desired plant character - usually wood - within allowable constraints. 
The trials mostly concern the introduction of exotics but may also 
include indigenous species.
Growth analysis method can assist in the selection of seed 
source and in the location of trial sites. As illustrated in the
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s tu d y ,  im p o r ta n t  e n v iro n m e n ta l f a c t o r s  can be d e te rm in e d  and th e  
p o t e n t ia l  optim um  ra n g e  mapped o u t f o r  th e  lo c a t io n  o f  t r i a l  s i t e s .
C a u tio n  in  th e  f i e l d  p r o je c t io n  o f  g ro w th  a n a ly s is  r e s u l t s  
has been e m phas ised . E r r o r  may be m in im is e d  i f  ade q u a te  f i e l d  work 
i s  co n d u c te d  in  m e a su rin g  e n v iro n m e n ta l f a c t o r s  a t  s o u rc e  and th e  
m a jo r  f a c t o r s  and t h e i r  c o m b in a t io n s  s u f f i c i e n t l y  c o v e re d . S in ce  
f i e l d  t r i a l s  may ta k e  y e a rs  to  c o n c lu d e  th e  in v e s tm e n t in  th e s e  s tu d ie s  
a re  th u s  w o r th w h i le .
Some M a la y s ia n  exam ples w i l l  s e rv e  as i l l u s t r a t i o n s .  T r ia l s  
w i th  P . c a r ib a e a  v a r .  h o n d u re n s is , th e  m ost p ro m is in g  e x o t ic ,  have 
shown g e n e r a l ly  good g ro w th  up to  60Gm e le v a t io n  ( F r e e z a i l la h , 1 9 6 6 ).
A t 1500m g ro w th  was c o n s id e ra b ly  re d u c e d . E x p e r im e n t on th e  same
s u g g e s t s  0
v a r ie t y  (C h a p te r  10) optim um  g ro w th  te m p e ra tu re s  a t  2 4 /1 8  to
2 7 / l8 ü C w ith  d r y - m a t te r  p ro d u c t io n  s i g n i f i c a n t l y  reduced  a t  n ig h t
te m p e ra tu re s  c o o le r  th a n  15°C, th e  a l t i t u d i n a l  e q u iv a le n t  o f  n ig h t
te m p e ra tu re s  a t  a p p ro x im a te ly  900m. The c a r d in a l  te m p e ra tu re s  fro m
th e  e x p e r im e n t may th u s  be used as g u id e s  to  th e  lo c a t io n  o f  t r i a l
p l o t s .
A n o th e r  a re a  o f  p o t e n t ia l  a p p l ic a t io n  i s  i n  a u te c o lo g ic a l  
s tu d ie s  on s e e d lin g  e s ta b lis h m e n t and d i s t r i b u t i o n  o f  im p o r ta n t  
s p e c ie s  in  th e  H ig h la n d  D ip te ro c a rp  S ubzones. An o u ts ta n d in g  
p ro b le m  p r e s e n t ly  fa c in g  M a la y s ia n  f o r e s t r y  i s  to  e n su re  adeq u a te  
r e g e n e ra t io n  o f  fa v o u re d  s p e c ie s  in  th e s e  f o r e s t s  (S e c t io n  2 . 3 . 1 ) .  
G row th  a n a ly s is  s tu d ie s  can be c o n d u c te d  on s e e d lin g s  o f  th e s e  s p e c ie s  
to  d e te rm in e  t h e i r  g ro w th  re q u ire m e n ts  f o r  s u c c e s s fu l e s ta b l is h m e n t .
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A related problem is that of species distribution. Knowledge 
of factors determining natural limits of distribution is important 
if the extension of these species is desired. It is apparent from 
the present study that good growth can still be maintained outside 
the range of an environmental factor, say temperature, normally 
experienced in its natural distribution. This possibility has 
been demonstrated in a field experiment wherein seedlings of Shorea 
platyclados continued to thrive when transplanted well below their 
lower natural limit (Lall Gill, 1969). Such experiments can be 
complemented with growth analysis studies covering the range of 
environmental factors considered important to establishment.
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APPENDIX I
CLASSIFICATION OF FOREST VEGETATION OF 
PENINSULAR MALAYSIA
A f t e r  S ym in g to n  (1 9 4 3 )
I .  C l im a t ic  C lim a x  
F o rm a tio n s
(1 )
( 2 )
I I .  E d a p h ic  C lim a x  
F o rm a tio n s
(6 )
( 2 )
( 8 )
O )
[1 0 )
I I I .  B io t i c  C lim a x  (1 3 )
F o rm a tio n s  (1 4 )
IV .  U n s ta b le  F o re s ts  (1 5 )
o r  F o re s ts  o f  (1 6 )
U n c e r ta in  E co - (1 ? )
lo g i c a l  S ta tu s .
Low land d ip te r o c a r p  (a )  M alayan ty p e
fo r e s t s  (b )  Burmese ty p e
H i l l  d ip te r o c a r p  (a )  In la n d  ty p e
fo r e s t s  (b )  C o a s ta l ty p e
Upper d ip te r o c a r p  fo r e s t s  
M ontane oak f o r e s t s  
M ontane e r ic a c e o u s  fo r e s t s
M angrove swamp fo r e s t s  
Beach fo r e s t s  
P ea t swamp fo r e s ts  
R ip a r ia n  f r in g e s  (a )
( b )
Co)
Cd)
O th e r  swamp (a )
fo r e s t s
(b )
( c )
( d )
B ra c k is h  ty p e  
F re s h w a te r  t i d a l  ty p e  
(R assau r i v e r s  o f  
C o r n e r ) .
G a l le r y  f o r e s t s  (N era i 
r i v e r s  o f  C o rn e r ] 
S a raca  s tre a m s  ( t h i s  
i s  C o rn e r*s  name) 
Basong ( A ls to n ia  
s p a th u la ta )  swamps 
M a la b ira  (F a g ra e a  
c r e n u la ta ]  swamps 
Bungor ( L a g e r s t r o e -  
m ia ) swamps 
*Lopak* (s e a s o n a l 
swamps)
H ea th  f o r e s t s  
L im e s to n e  fo r e s t s  
Schim a-bam boo fo r e s t s
Gelam (M a la le u c a  le u c a r ie n d ro n ) swamp fo r e s t s
C o a s ta l padang fo rm a t io n  
A d in a n d ra  fo r e s t s  
R egne ra te d  f o r e s t
APPENDIX I (Cont'd)
2. After Wyatt-Smith (1963)
Lowland evergreen rain forests
1. Lowland Dipterocarp Forests
2. White Meranti-Gerutu (Seasonal) Forests
3. 'Heath' Forests
4. Hill Dipterocarp Forests
5. Upper Dipterocarp Forests
Lower montane forests
6. Montane Dak Forests
Upper montane forests
7. Montane Ericaceous Forests
Swamp and low-lying forests
8. Marine Alluvial (Mangrove) Swamp Forests
9. Peat Swamp Forests
10. Freshwater Alluvial Swamp Forests
11 . Riparian Fringes
Miscellaneous forests on sites with severe drainage and i
those deficient in available moisture 
winds or to low temperature
due to violent
12. Beach (Strand) Forest
13. Limestone Vegetation
14. Vegetation of Quartz Dykes, Quartzite Ridges 
and other sterile habitats with severe drainage
or lacking available moisture
Regenerated forests
15. Regenerated Forests
221
APPENDIX I I
FOREST TYPES ASSOCIATED WITH THE HIGHLAND DIPTEROCARP SUBZONES
F o re s ts  o f  th e  H ig h la n d  D ip te ro c a rp  Subzones a re  e c o n o m ic a lly  
th e  m ost im p o r ta n t  n a tu r a l  v e g e ta t io n  o f  th e  M a la y s ia n  H ig h la n d s .
The v a r io u s  re c o g n is e d  f o r e s t  ty p e s  t h a t  make up th e  H ig h la n d  
D ip te ro c a rp  Subzones a re  shown in  F ig u re  2 .1 .  The e c o n o m ic a lly  im p o r t­
a n t f o r e s t s  a re  m a in ly  fo u n d  in  th e  H i l l  D ip te ro c a rp  Subzone . These a re  
b r i e f l y  d e s c r ib e d  b e lo w .
(a )  S e raya  R idge  F o re s ts  ( Shorea c u r t i s i i )
The f o r e s t s ,  c o n s id e re d  among th e  m ost p r o d u c t iv e  in  th e  
c o u n t r y ,  a re  fo u n d  th ro u g h o u t  th e  M ain Range. The p r in c ip a l  s p e c ie s ,  
S horea  c u r t i s i i , i s  th e  commonest and m ost im p o r ta n t  t im b e r  s p e c ie s  in  
th e  H i l l  D ip te ro c a rp  F o r e s t .
The s p e c ie s  o c c u r  s e m i- g r e g a r io u s ly  a lo n g  w i th  o th e r  s u b s id ia r y  
s p e c ie s  on r id g e s .  G ra d ie n t  i s  i n f l u e n t i a l  in  d e te rm in in g  i t s  a l t i t u d i n a l  
l i m i t s .
Common s u b s id ia r y  s p e c ie s  in c lu d e  A n is o p te ra  c u r t i s i i ,
A r to c a rp u s  l a n c e i f o l i u s , C a lo p h y llu m  in o p h y l lo id e , Hopea b e c c a r ia n a ,
Hopea s p p . ,  M y r is t ic a  g ig a n te a , T a r r i e t i a  ,1 a v a n ic a , S w in to n ia  s p p . ,  
and V a t ic a  sp p . On c o a s ta l  a re a s  th e re  a re  s l i g h t  changes in  s u b s id ia r y  
s p e c ie s  b u t th e  f l o r a  i s  e s s e n t ia l l y  th e  same. M ix tu re  w i th  B a lau  
ku m is -dam ar h ita m  f o r e s t s  i s  how eve r, f r e q u e n t .
D e n s ity  o f  m id d le  s iz e d  t r e e s  and o f  s a p l in g s  i s  p o o r .  Ground 
f l o r a  i s  o f te n  a b s e n t due t o  heavy s h a d in g  fro m  Bertam  f E u g e isso n a  
t r i s t e ) .  R e fe r  S e c t io n  2 . 1 .
(b) Balau Kumis-damar hitam Forests (Shorea laevis - Shorea
multiflora)
The principal timber species are Shorea laevis and Shorea 
multiflora. The former is the second most important economic species 
in the hill forests.
The forest type is often associated with Seraya Forests on 
ridges and occur widely throughout the Main Range, particularly in 
Selangor, Negri Sembilan and in Pahang. Unlike Seraya, however, 
their distribution commonly extends down to the upper slopes.
(c) Balau laut Forests (Shorea glauca)
The principal species is Shorea glauca occurring frequently 
in association with Shorea maxwelliana and Sindora wallichii.
The forest type is normally found on coastal hills from sea 
level to a few hundred metres in altitude rising to higher elevations 
in inland forests. It is common on the lower and often steeper 
slopes and is gregarious on seaward aspects.
(d) Balau-keruing Forests (Shorea spp. - Dipterocarpus spp.)
The principal species and their regional occurrence are
Shorea atrimervosa (east coast), Shorea foxworthyi (east coast and 
Perak), Dipterocarpus costulatus, Dipterocarpus appendiculatus (east 
coast), Dipterocarpus fagineus, Dipterocarpus penangianus, 
Dipterocarpus pseudofagineus found in all states. Subsidiary species 
of Red Meranti timber grade are also found.
The forests are particularly common along the east coast of 
Johore, Pahang and Trengganu. They are also found on the western 
slopes of the Main Range in South Kedah and Perak.
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(e) Merpauh Forests [Swintonia spicifera)
Swintonia spicifera, the principal species, forms almost 
pure consociations on ridges at elevations higher than the Seraya 
ridge forests. Its upper limits often overlap with the Upper 
Dipterocarp forests.
(f) Keruing-resak-mengkulang Forests (Dipterocarpus spp. -
Vatica cuspidata - Tarrietia simplicifolia)
The forest type has several species: Dipterocarpus costulatus,
Dipterocarpus sublamellatus, Shorea acuminata, Tarrietia simplicifolia 
and Vatica cuspidata. The latter is the most characteristic species. 
Subsidiary species include Koompassia malaccensis, Shorea spp. (balau).
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APPENDIX III
Vegetation Structure and Physiognomy in the Lowlands 
and Montane Zones.
LRF LMRF UMRF Author­ity
No. tree stories 3 2 1 2
Density:
'.Voody indiv. > 2m/0.25 ha. 353 539 610 2
Indiv. < 1m/100sq.m.
Tree seedlings 151 94 nr 2
Shrubs 1 0 nr 2
Herbs G6 1325 nr 2
Vines 209 146 nr "0
Total 427 1565 nr 2
Indiv. >1* girth/lOOac. 1600 1100 - 1
.....>6' ............ 800 100 — 1
80 — — 1
Trees > 4” dbh/l0,000sq.ft. 55 46 nr 3
....> 8 ” dbh/............
Individual s/454 sq.m.
27 28 nr I 3
'seedling layer' (0-3'). 1387 1214 nr 3
'sapling layer' (3-9'). 88 190 nr 3
'pole layer' (9-20'). 93 70 nr 3
Total 1568 1474 nr 3
Woody indiv. > 2m/0.25ha.
1st storey trees 16 52 405 2
2nd storey trees 54 487 — 2
3rd storey erect woody plants 283 - - 2
Diameter:
1st storey trees. Greatest D. cm. 96 85 - 2
53 34 — 2
2nd storey ............... . 28 18 - 2
3rd ........... .............. 16 - - 1
Av. tree girth ft. 7-8 4-5 — 3
Av. diam. (^8" dbh) ins. 13 12 nr
Volume:
1st storey trees, cu.m. 49 33 — 2
2nd .............. . 25 8 - 2
3rd .............. . 2 — — 2
Total 76 41 - 2
Height:
Tallest trees, m. 36 22 13 2
1st tree storey. Av. hgt. m. 27 17 6 2
2nd ....................... 16 4 - 2
3rd ....... ............... . 10 — - 2
Canopy hgt. ft. 70-100 60 15-25 1
Trees 8" dbh. av. hgt. ft. 81 71 nr 3
Av. hgt. m . nr nr 15 4
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LRF LMRF UMRF Author­ity
Leaves:
Size. No. indiv. )>1m/ü.25ha. 
microphylls 7 15 285 2
mesophylls 295 530 280 2
macrophylls 38 18 - 2
Lengths.
°/o indiv. < 1Gcm . 9 7 7G 2
° / o..... > 10cm. 19 4 □ 2
Shape
compound. % indiv. 22 1 1 □ 2
> 1m. height. 
entire margin. °/0 indiv. 80 75 78 2
Authority: 1. Beard 1946
2. Brown 1919
3. Grubb et.al. 1963
4. Richards 1936
LRF Lowland Rain Forest
LMRF Lower Montane Rain Forest
UMRF Upper Montane Rain Forest
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APPENDIX IV
NOTES QN SEED SOURCES USED IN  
EXPERIMENTAL WORK
A.__EUCALYPTUS DECAISNEANA
D i s t r i b u t i o n : E. d e ca isn e a n a  i s  a t r o p i c a l  s p e c ie s  n a t iv e  to  th e
is la n d  o r  T im o r; 8 ° -1 1 US, 1 2 3 -121°E . I t  i s  one o f  th e  few 
E u c a ly p tu s  s p e c ie s  o c c u r r in g  o u ts id e  A u s t r a l ia .  In  In d o n e s ia n  T im o r 
E . d e ca isn e a n a  f o r e s t s  a re  fo u n d  on th e  s lo p e s  o f  th e  Mut i s ,  M olo 
and M ium ato m o u n ta in s , on th e  F a tu  Timau in  Amtoan and th e  Lakaan in  
Lam arknen . I t  i s  g e n e r a l ly  fou n d  a t  e le v a t io n s  from  1000m to  2200m. 
In  P o rtu g u e se  T im o r i t  o c c u rs  p r i n c i p a l l y  in  th e  Ramelan m o u n ta in s , 
on Mundo P e rd id o  and th e  Mata B ia  Range, a t  e le v a t io n s  fro m  500rn to  
2G60m ( T u r n b u l l ,  p e rs .c o m m .) .
C l im a te : M onsoona l; K o p p e n 's c l a s s i f i c a t i o n ,  A w i. S e le c te d
m e te o ro lo g ic a l d a ta  re c o rd e d  a t  s t a t io n s  n e a re s t  c o l l e c t i o n  s i t e s  
a re  g iv e n  in  T a b le  IV a .
TABLE IV a  S e le c te d  M e te o ro lo g ic a l D a ta  a t  M aub isse3 and 
H ato  B u i l l i c o ^  in  P o rtu g u e se  T im o r
M aubisse
(1432m )
H ato  B u i l l i c o  
(1 860m )
A v . d a i l y  max. te m p ., w arm est m onth (°C ) 3 0 .0 ° 2 0 .7 °
A v. d a i l y  m in . te m p ., c o ld e s t  m onth (°C ) 11 .9 ° 8 .6 °
F ro s t  o c c u rra n c e N i l O c c a s io n a l
Low est re c o rd e d  te m p . 5 .5 °  , - 3 . 0 °
A n nua l p r e c ip i t a t i o n  (mm) 1438 1947
A n n u a l e v a p o ra t io n 1034 789
M o n th ly  p r e c ip i t a t i o n  (mm) DRY SEASON
J F M A M J J A S 0 N D  
M aubisse 186 233 1 67 1 84 115 65 36 1 8 20 29 1 37 245
H ato  B u i l l i c o  356 384 249 212 150 77 22 18 10 25 135 309
a ) L a t .8 ° 5 0 f S L o n g .1 2 5 °3 6 'E
b ) L a t .8 ° 5 4 'S  L o n g .1 2 5 °3 1 ' E
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APPENDIX IV  ( C o n t 'd )
Fog o c c u rs  th ro u g h o u t th e  y e a r in  th e  n o r th  c o a s ta l  range  
s o u th  o f  D i l i ,  between 50Gm -  1300m a l t i t u d e .  In  th e  C e n tra l 
m o u n ta in  re g io n s  fo g  fre q u e n c y  i s  reduced  e x c e p t a t  h ig h e r  
e le v a t io n s .
F o re s t  Types and H a b ita t
Between 500m to  1200m, s ta n d s  a re  b e s t d e ve lo p e d  on m esic 
s i t e s  as in  g u l l i e s  and p o o re s t  on x e r ic  s i t e s ,  as on exposed r id g e s ,  
w here E . d e ca isn e a n a  i s  o f te n  d is p la c e d  by more h a rd y  s p e c ie s  such 
as E . a lb a . Fog in f lu e n c e  i s  im p o r ta n t  in  c r e a t in g  m es ic  c o n d i t io n s .
Above 1500m th e  e n v iro n m e n t i s  more m ontane and m esic  and 
fo g  i s  le s s  im p o r ta n t  in  s ta n d  de ve lo p m e n t and d i s t r i b u t i o n .  Above 
2200m s ta n d s  a re  more open and t r e e s  s m a lle r  w i th  p o o re r  fo rm  th a n  
th o s e  a t  lo w e r  e le v a t io n s .
B. PINUS KESIYA ROYLE EX GORDON
S p e c ie s  d i s t r i b u t i o n  in  th e  P h i l ip p in e s : R e fe r  map in  F ig u re  IV a .
The s p e c ie s  "o c c u rs  in  th e  P h i l ip p in e s  on th e  is la n d  o f  Luzon between 
la t i t u d e s  1 5 °3 0 f N and 18D1 5 'N  a t  a l t i t u d e s  from  450m to  2450m.
The p r in c ip a l  o c c u rra n c e  i s  in  th e  C e n t ra l  C o r d i l le r a  m o u n ta in  
ra n g e  in  N o r th e rn  Luzon b u t s m a l le r  s ta n d s  a re  found  in  th e  
C a ra b a llo  and Zam bales m o u n ta in s " ,  ( T u r n b u l l ,  1 9 7 1 ).
C l im a te : M onsoona l, w i th  a d ry  season fro m  f i v e  to  seven m on ths .
A nnua l f lu c t u a t io n  in  r a i n f a l l  i s  th e  m ost im p o r ta n t  c l im a t ic  change .
S e le c te d  m e te o ro lo g ic a l d a ta  ta k e n  a t  B agu io  C i t y  in  
th e  s o u th  o f  th e  p r in c ip a l  d i s t r i b u t i o n  a re a  ( i n  th e  C e n tra l 
C o r d i l l e r a  m o u n ta in s )  a re  g iv e n  in  T a b e l IV b .
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FIGURE IV a  N a tu ra l  D i s t r i b u t io n  o f  P. k e s y ia  in  
N o r th e rn  Luzon , The P h i l ip p in e s  
( A f t e r  T u r n b u l l ,  1971)
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APPENDIX IV (Cont'd)
Temperature: Average temperatures fluctuate little throughout the
year.
Above 1500m the average annual temperature is about 18°C 
(17°C January to 19°C in May) and below 1500m about 25°C (23°C 
January to 28°C in May). At higher elevations maximum temperature 
is considerably depressed by fog.
Frost: Light frosts occur above 1500m in December and January.
Rainfall: Rainfall during the wet season (April to November) is
3000mm - 5000mmat elevations above 1200m and at c.2500m (May to October) 
at lower elevations.
Forest Types and Habitat: Stands in major areas of distribution are
generally extensive, pure and approximately even aged. They are 
dense at higher elevations (> 1500m) and are best developed between 
1500 - 2200m on mesic sites. Stands are more open at lower 
elevations where regeneration is poor or non-existant especially on 
the more xeric S-E and S-W slopes.
The ecotones at the upper and lower limits of distribution 
are sharp giving way to broad-leafed montane and lowland species 
respectively.
C. P. 0QCARPA SCHIEDE AND P. CARIBAEA VAR. HONDURENSIS B AND G 
Two of the P. oocarpa seed sources (POM and POL) 
originated from the interior highlands of British Honduras while the 
P. caribaea var hondurensis seed source (PC) originated from the east 
coast of Nicaragua.
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D i s t r i b u t i o n ; The d i s t r i b u t i o n  o f  P. oo ca rp a
in  C e n t ra l  A m erica  i s  shown in  F ig u re  IV b . .
P. o o ca rp a  is  a v e ry  v a r ia b le  s p e c ie s ,  and w id e ly  d is t r ib u t e d  
from  Sonova and C h ihuahua to  C e n tra l A m e rica , from  300m to  2400m 
a l t i t u d e .  The v a r ie t y  o c h o te re n a i g row s on th e  h ig h  e a s te rn  p a r t  
o f  M ount P in e  R idge  in  B r i t i s h  H onduras between 300m and 900m 
a l t i t u d e .  The s p e c ie s  i s  c o n s id e re d  th e  m ost s o u th e r ly  p in e  
o f  th e  New W o rld , M iro v  (1 9 6 7 ) .
P. c a r ib a e a  v a r  h o n d u re n s is  g row s in  th e  Bahamas Is la n d s ,  
w e s te rn  Cuba, I s l e  de P in o s , H onduras , G ua tem a la , N ic a ra g u a  and 
B r i t i s h  H onduras , ra n g in g  in  a l t i t u d e  from  sea le v e l  to  300m, M iro v  
(1 9 6 7 ) .  In  i n t e r i o r  H onduras and N ic a ra g u a  i t s  ra n g e s  o v e r la p  
t h a t  o f  P . oo ca rp a  w here th e  p o s s i b i l i t y  o f  h y b r id iz a t io n  has been 
su g g e s te d  ( C r i t c h f i e l d  and L i t t l e ,  1 9 6 6 ).
C l im a te : M e te o ro lo g ic a l d a ta  o f  M o u n ta in  P in e  R id g e , in  B r i t i s h
H onduras i s  g iv e n  in  T a b le  IV c .  M e te r o lo g ic a l d a ta  f o r  th e  o th e r
seed s o u rc e s  (POT and PC) a re  n o t a v a i la b le .
B r i t i s h  H ondu ras : The c l im a te  v a r ie s  from  warm m o is t t r o p i c a l  r a in
f o r e s t  to  savannah ty p e s  w i th  d ry  to  s e m i-d ry  w in te r  p e r io d s .
Koppen’ s Amw" and A w ".
In  th e  i n t e r i o r  h ig h la n d s  th e  c l im a te  is  te m p e ra te  (K o p p e n 's 
Cw) w i th  marked d ry  w in te r  s t r e t c h in g  from  J a n u a ry  to  A p r i l /M a y .
W in te r  te m p e ra tu re  i s  c .1 3°C and summer te m p e ra tu re  c .2 9 °C ,
L u c k h o f f  (1 9 6 4 ) .
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Nicaragua: On the eastern coast climate varies from Koppen's
Af in the north to Amw"i in the south in Bluefields. There is a well 
defined semi-dry season from February to May although protracted 
draught is unknown (Luckhoff, 1964).
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FIGURE IV b  N a tu r a l  D i s t r i b u t i o n  o f  P in u s  o o c a rp a .
D arkened A rea  Shows th e  Range o f  V a r ie t y  
o c h o te re n a i (M iro v ,  1 9 6 7 ).
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APPENDIX V/
COMPOSITION OF MODIFIED HOAGLAND SOLUTION 
(W ent, 1957, p p .78 -79 )
Ca(N03 ) 2 ,4H20 95 g /100  L
( nh4 ) h2to4 6 " tv
kmd3 61 " I f
MgS04 .7H20 49 " t v
H3^°3 0 .0 6  "
t v
MnCl2 .4H20 0 .04  " tv
ZnS04 .7H20 0 .009  " t v
CuS04 .5H20 0.005  " t v
H2Mo04 .4H20 0.002  " t v
Co(N03 ) 2 .6H20 0.0025 g /100  L
FeS04 .7H20 2 .4 9  g /100  L
EDTA 3 .3 2  "
NaOH 0 .5 0  "
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